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Abstract

Novel magneto-transport properties in spatially confined La0.3Pr0.4Ca0.3MnO3 (LPCMO)

thin films have been intensively studied in this thesis. Due to the existence of micrometer-

scale electronic phase separation in the LPCMO system, it exhibits extraordinary electronic

transport behaviour when the lateral dimension of the system is reduced to the size of

inherent phase domains.

First, we studied the spatial confinement effect on the magnetoresistance in micro-

bridges fabricated from LPCMO thin films. The spatially confined LPCMO micro-bridge

was found to produce two maxima in the temperature dependence of the magneto-resistance

(MR) as well as in the temperature dependence of the area of the hysteresis loops that exist

in an isothermal magnetic field scan of the resistance. One of the peaks is close to the

metal-to-insulator transition temperature, as expected for a standard manganite film, while

the additional peak occurs at lower temperatures where co-existing metallic and insulating

domains have sizes comparable to the spatially confined region. The dependence of the MR

of these two peaks on magnetic field is also substantially different, i.e., the MR of the latter

peak is considerably less sensitive to magnetic field than the former one.

Next, time-dependent measurements of the resistance were carried out on thin films of

LPCMO which contain microbridges with lateral dimensions 2 μm × 2 μm and 25 μm × 25

μm. The 2 μm × 2 μm microbridge is spatially confined such that at certain temperatures,

its lateral dimension is comparable to the sizes of the metallic and insulating domains within

the sample. At a fixed temperature, as time increases, sharp jumps in the resistance are

observed superimposed upon a long-time evolution of the resistance. The magnitude and

sign of these jumps can be controlled by the strength of the magnetic field. By contrast,

such resistance jumps are virtually non-existent in the 25 μm × 25 μm microbridge. The

results are described within a model of percolation or de-percolation of metallic domains

within the confined region of the thin film.

We also report the creation of colossal in-plane anisotropic magnetoresistance (C-

AMR) of > 16,000 % via the engineering of spatial confinement in LPCMO films. Recalling
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that typical AMR values in films are only a few percent, these results mark an astonishing

increase which could shed new light on the nature of the AMR in electronically phase

separated confined systems and might potentially lead to fabrication of novel manganite-

based switching and sensor devices. The unique colossal behaviour is attributed to the

anisotropic percolation of elongated metallic domains whose orientation depends on the

direction of the magnetic field as well as the geometry of the micro-system.

The effect of the bias current on the in-plane C-AMR was then investigated in spa-

tially confined LPCMO microbridges. Dramatic increases of the C-AMR are found when

the bias current is reduced. For example, in one of the samples, the C-AMR changed from

∼ 900 % to over ∼ 24,000 % as the current is decreased from 1 μA to 10 nA. The results

indicate that the bias current can be a useful method to artificially manipulate the C-AMR,

via changes in the percolation, in spatially confined manganite thin films.

Finally, electron beam induced tunneling magnetoresistance (TMR) behaviour in

spatially confined manganite thin films is investigated. Tunneling magnetoresistance (TMR)

of ∼ 300 % has been produced in spatially confined LPCMO films on LaAlO3 substrates

by using electron beam scanning. This new e-beam scanning method to artificially engineer

local phase domains can be a powerful tool for fabricating novel manganite-based sensor

devices.

We believe that the experimental results presented in this thesis will improve the

scientific understanding of the electrical properties of these unique systems, i.e. spatially

confined electronic phase separated systems, and can also provide important clues on engi-

neering next generation EPS-based applications such as low field magnetoresistance sensor

(LF-MR sensors), C-AMR hard disk read head, and magnetoresistive random access mem-

ory (M-RAM) devices.
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Chapter 1

Introduction

1.1 Motivation

The discovery of colossal magnetoresistance (CMR), a ’colossal’ change in resistivity upon

application of an external magnetic field, in manganese oxide (manganite) has inspired re-

searchers to seek not only the underlying complex physics but also possibilities of using

them for next generation applications such as magnetic random access memory (M-RAM)

and various types of magnetic sensors. This attractive and complex system has shown

rich phase diagrams due to the strong correlation between charge, spin, orbital and lattice

degrees of freedom. Many theoretical and experimental studies have shown that mangan-

ites are intrinsically inhomogeneous since the system tends to undergo phase separation

(typically ferromagnetic metallic (FMM) and anti-ferromagnetic (AF) charge/orbital or-

dered insulating (COI) domains are involved) near the metal-to-insulator phase transition

temperature. [1–7]

Both theoretical and experimental studies have shown that in many manganites the

co-existing phases exist as nanometer-scale clusters and percolation can occur between the

clusters of the same kind, e.g., joining between two adjacent FMM clusters. [1,2,6] Interest-

ingly, it is experimentally found that not all of the phase separation is on the nanometer-

scale. For example, the direct images from the studies of Uehara et al., Murakami et al.,

and Zhang et al. suggest the existence of the large-scale (up to a few micrometres) phase

separation in (La1−yPry)1−xCaxMnO3 systems with x ∼ 0.33 and y ∼ 0.5 (in both bulk and

film forms). [8–10] This large-scale phase separation is unexpectedly large compared to the

nanometer size and implies that another mechanism is required to explain this phenomenon.

Experimentally, the existence of micrometer-scale phase separation in the LPCMO sys-

tem means that it is able to trap small numbers of phase domains within narrow channels

that are of few μm to hundreds nm. The relatively large sizes of the samples (few μm) imply

that they are relatively easy to fabricate using conventional photo-lithography and chemical

wet-etching techniques. Unlike conventional manganite samples, spatially confined LPCMO

thin films have shown unusual electric signals originating from percolation events within the

confined region of the sample. Because of the percolative character of the intrinsic phase
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domains in spatially confined LPCMO thin films, sudden changes in resistance level can be

observed at a certain temperature range where the sizes of the phase domains are compara-

ble to the width of the sample. [12, 13] In this temperature range, relatively small external

perturbations (such as temperature, magnetic field, electric field, and more) can cause a

significant change in overall resistance level. In these systems, researchers could indeed trap

small numbers of electronic phase domains and observe the electronic signals that originate

from the percolation event within the narrow region of the samples. [11–14] For example,

Zhai et al. reported giant and sharp drops of resistance as the temperature of the sam-

ple decreased below the metal-to-insulator phase transition temperature [12] and Wu and

Mitchell observed sudden resistance jumps when the external magnetic field is increased at a

fixed temperature. [13] The observed resistance jumps in these studies are attributed to the

creation or annihilation of the percolation induced conduction path as temperature or ex-

ternal magnetic field is changed. Ward et al. successfully observed the fluctuation between

two phases (COI vs. FMM) in a spatially confined (La1/2Pr1/2)5/8Ca3/8MnO3 (LPCMO)

system which provides clear evidence for the metastability of the intrinsic phases in the

LPCMO system. [14] Singh-Bhalla et al. reported intrinsic tunneling magnetoresistance

behaviour in a spatially confined LPCMO system. [11]

The examples above show that the spatially confined manganite system, especially La-

Pr-Ca-Mn-O, is an interesting system for experimentally revealing the effects of micro-scale

electronic phase separation in manganites. However, a number of transport properties that

are scientifically and technologically important were not previously studied in spatially

confined manganite systems. In this thesis, I address a number of these novel transport

properties in spatially confined La0.3Pr0.4Ca0.3MnO3 (LPCMO) systems: (a) The low mag-

netic field response of the CMR, (b) the long time metastability of the resistance, (c) the

dependence of the resistance on the direction of the external magnetic field and how this

can be manipulated with the bias current, and (d) local phase domain engineering to create

the magnetic tunnel junction-like structure.

In the rest of this section, the motivation for investigating the above topics is briefly

described:

Keeping in mind that the colossal magnetoresistance in manganites requires high magni-

tude of external magnetic field (above few Tesla), developing a device with low field colossal

magneto-resistance (LF-CMR) could be a major benefit for applications such as nonvolatile

memory and electronic sensors. As described in Chapter 4, a spatially confined LPCMO

system is a feasible candidate for such LF-CMR due to the percolation-induced resistance

jumps within the system that are very sensitive to the strength of the magnetic field. At

a certain temperature range the conduction pathway is dominated by a small number of

metallic and insulating domains, and hence, the percolation between two adjacent FMM
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domains can have a large and sudden effect on the resistance in a spatially confined LPCMO

thin film. As a result, the confined system is expected to have a large magnetoresistance

effect even at relatively low external magnetic fields.

The time dependence of the resistance in manganites is an important class of transport

measurements to investigate the self-organizing nature of inhomogeneous electronic phase

separation in both bulk and thin film samples. Depending on the ground state of the system,

the resistance can smoothly increase or decrease over the timescale of many minutes. This

phenomenon often can be observed at a temperature range where multiple phase domains

coexist (near the metal-to-insulator phase transition temperature). Measurements of the

time evolution of the resistance of the LPCMO microbridges are essential to understand how

the metastability of intrinsic phases affects the percolative behaviour in a spatially confined

LPCMO microbridge over a long-time scale. Furthermore, since the electronic states of

manganite films are strongly affected by external perturbations such as temperature and

magnetic field, a systematic investigation of the response of the phase dynamics to a wide

range of these parameters could reveal a deeper understanding on how they modify resistive

time relaxation. Such information is important from both a scientific viewpoint as well as

for future applications where one may need to control the time relaxation of resistance in

reduced geometries of manganites. These issues are described in Chapter 5.

The anisotropic magnetoresistance (AMR) is the change in the resistance that depends

on the magnetic field orientation with respect to either the current direction or the crystal

axes. This property can be used in devices such as magnetic read head and magnetic

switching sensors. In these applications, having a large AMR improves the corresponding

sensitivities. In Chapter 6, we demonstrate and discuss how spatially confined LPCMO thin

films can produce record-breaking values of the AMR which are several orders of magnitude

greater than quantities previously reported in any material. Our discovery of such colossal

AMR (C-AMR) will improve the scientific understanding of the electrical properties of

spatially confined LPCMO systems, and can also provide important clues on engineering

next generation AMR-based devices for technology.

Our discovery of C-AMR behaviour in a spatially confined LPCMO thin films also

inspired us to seek further methods of manipulating the C-AMR magnitude. This prompted

us to attempt to control the magnitude of the in-plane C-AMR with the d. c. bias current.

It is known that applying d. c. electric current stabilizes the metallic state in electronic

phase separated manganite thin films and hence we anticipate that the C-AMR will be

particularly sensitive to this parameter. These studies are discussed in Chapter 7.

By considering the fact that the electronic phase domains within the spatially confined

LPCMO thin film can be as large as the width of the system, a pseudo-low dimensional

(pseudo 1- or 2-dimension) electronic device can be fabricated by engineering the phase

domains or the boundaries between the phase domains. As shown in Chapter 8, by exposing

the spatially confined LPCMO microbridges to an electron beam, we can observe significant
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disturbances in their magneto-transport properties. In particular, we find that although

scanning electron microscopy (SEM) is one of the most common micro-to-nano scale imaging

methods, it could introduce significant damage to the LPCMO samples. This damage may

include dislocation of oxygen elements in perovskite-type crystal structure of manganite

(LPCMO) where Mn - O - Mn bond angle plays a key role for the electron conduction within

the system. Using this experimental result, we attempt to create an artificial potential wall

across the microbridge in which the nature of the electron tunneling depends on the relative

magnetization directions of adjacent metallic phase domains. Our discovery of tunneling

magnetoresistance behaviour in electron beam scanned LPCMO microbridges sheds light on

how it can be used as a phase domain engineering technique for developing next generation

electronic phase separation(EPS)-based devices.
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1.2 Thesis Organization

In this thesis, I have studied novel magneto-transport properties of spatially confined thin

films of La0.3Pr0.4Ca0.3MnO3. Brief descriptions of each chapter are given below:

Chapter 1 Motivations for the investigation of spatial confinement phenomenon in

LPCMO thin films are described.

Chapter 2 Fundamental theoretical background is discussed: brief introduction to

the physics of manganites and spatial confinement phenomenon in electronic phase sepa-

rated manganite thin films.

Chapter 3 Experimental techniques are introduced: review of experimental meth-

ods (target preparation, thin film deposition, photo-lithography, transport measurement).

Chapter 4 The characteristics of the magneto-resistance in spatially confined thin

films of La0.3Pr0.4Ca0.3MnO3 (LPCMO) are investigated: ”Re-entrant of magneto-resistance

peak due to spatial confinement in LPCMO microbridge.”

Chapter 5 Time dependence of the resistance relaxation in spatially confined LPCMO

thin films is studied: ”Field-dependent resistive evolution in spatially confined LPCMO thin

films.”

Chapter 6 By tuning the geometry of LPCMO thin films, colossal anisotropic-

magnetoresistance (AMR) is achieved: ”Colossal AMR in spatially confined LPCMO thin

films.”

Chapter 7 Bias current dependence of the C-AMR is investigated: ”Current depen-

dence of colossal anisotropic magnetoresistance in LPCMO microbridges.”

Chapter 8 Electron beam induced tunneling magnetoresistance (TMR)-like be-

haviour in spatially confined LPCMO thin films is studied.

Chapter 9 Summary, conclusions and directions for future works are presented.
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Chapter 2

Basic Features of Manganites

The manganese oxides, also called manganites, have been extensively studied in the past

several decades because they possess interesting physical properties, such as colossal magne-

toresistance (CMR) and giant anisotropic magnetoresistance (AMR). These properties are

illustrated by Fig. 2-1 which shows representative curves of the temperature dependence of

the resistance in a manganite thin film (La0.3Pr0.4Ca0.3MnO3), showing a metal-to-insulator

phase transition at TMIT , under different conditions. One can notably observe a significant

reduction of the resistance compared to 0 T when a magnetic field of 1 T is applied (Fig.

2-1(a)). This dramatic change in the resistance upon the application of a magnetic field

is called colossal magnetoresistance (CMR). The CMR values in certain manganites are as

high as ∼ 106 %, a ’colossal’ magnitude of magnetoresistance. Another interesting aspect

of the manganite is shown in Fig. 2-1(b). The values of the resistance changes with the

direction of external magnetic field with respect to the current direction. The changes in

the resistance depending on the direction of the magnetic field with respect to either the

current direction or the crystal axes is called anisotropic magnetoresistance (AMR). The

magnitude of the AMR in notable manganites (20 ∼ 100 %) is significantly larger than that

of 3d metal alloys (2 ∼ 4 %). [17, 18,64,65]

In many of these manganites, co-existence of energetically similar competing electronic

phases such as ferromagnetic metallic (FMM), charge ordered insulating (COI), charge

disordered insulating (CDI), and/or paramagnetic insulating (PI) plays a dominant role

in determining the CMR material’s magneto-transport properties. [1–4, 8, 19] From both

theoretical and experimental studies, the co-existence of the competing phases in many

manganites is known to have the following properties; (1) the electronic phases exist as

nanometre-scale clusters (e.g., FMM and COI domains) and (2) percolation can occur be-

tween the nanometre-scale electronic phase clusters of the same kind, e.g., joining of two

adjacent FMM domains. [1, 2, 6]

However, as described in Chapter 1, not all of the phase clusters are on the nanometre-scale

and in some systems can be as large as micrometers (found only in experimental studies).

This intrinsic self-organized electronic inhomogeneity is particularly sensitive to manipula-
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Figure 2.1: Examples of the CMR and the AMR in a wide manganite (La0.3Pr0.4Ca0.3MnO3)
thin film: (a) Resistance vs. Temperature, R(T) at H = 0 T (zero field) and at H = 1 T.
(b) R(T) at field (1 T) orientation parallel (at 0 degree) and perpendicular (90 degree) to
the current direction, respectively.
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earth trivalent lanthanide cation (e.g. La3+, Sm3+) or alkaline earth divalent (e.g. Ca2+,
Sr2+, Ba2+) elements. B-site contains Mn3+ or Mn4+ ions (relative smaller). The oxygen
atoms surround the B-sites(Mn) with octahedral configuration.

tion via chemical doping, structural modifications, strain induction, and the application of

external perturbations such as electric and magnetic fields. [1, 2, 6] Hence, electronic phase

separated materials not only provide unique opportunities towards improving the under-

standing of the complex physics behind electronically phase separated systems, they also

enable researchers to utilize their highly sensitive phase tunability for new applications. In

the remainder of this chapter, I describe basic features of manganites that are useful for the

qualitatively understanding of the exotic transport properties of hole doped manganites.

2.1 Structure of manganese oxides

Manganese oxides or manganites, Re1−xAexMnO3, where Re is a rare earth trivalent element

(e.g., La3+, Sm3+) and Ae is an alkaline earth divalent element (e.g., Ca2+, Sr2+, Ba2+),

generally form a nearly cubic perovskite-type structure which has the general formula of

ABO3 (see Fig. 2-2). In perovskite manganites, Re3+ and/or Ae2+ ions are located on the

A-site (cubic environment; their relative amounts depend on the divalent element doping

concentration x) and the Mn ion occupies the B-site at the center of the unit cell. The

oxygen ions surround the Mn ion in an octahedral configuration.
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Figure 2.3: Structures of distorted perovskites of manganite due to the connection pattern
of MnO6 octahedra in the lattice structure: (a) orthorhombic and (b) rhombohedral. The
figure is produced from Ref. [20].
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The structures of manganites often show lattice distortion and are not exactly cubic.

Two reasons are often considered as origins of the structural distortion in a manganite: (1)

the Jahn-Teller effect, which occurs in a high-spin (S = 2) Mn3+(d4) parent manganite,

can deform the MnO6 octahedron structure (see next section). (2) A lattice deformation

can also occur from the connection pattern of MnO6 octahedra in the lattice structure

that forms the rhombohedral and orthorhombic structures in which the MnO6 octahedra

have alternating buckling (shown in Fig. 2-3). [20] The distortion of the structure can be

quantized by a tolerance factor, f , defined by

f =
(rA + rO)√
2(rB + rO)

, (2.1)

where rA, rB and rO are the ionic sizes of A-, B- and O-site elements, respectively.

Typical ion sizes are: La3+ = 1.22 Å, Ca2+ = 1.06 Å, Mn3+ = 0.70 Å, Mn4+ = 0.52 Å,

and O2− = 1.32 Å. [21] If f ∼ 1, one can expect nearly cubic environment while 0.96 < f

< 1 forms rhombohedral (Fig. 2-3(b)) and f < 0.96 forms orthorhombic environment (Fig.

2-3(a)), respectively. The distorted environments with f < 1 accompany a bend of B - O

- B bond angle which strongly affects the eg electron hopping amplitude within the double

exchange model. [22] As a result, the transport properties of manganites depend on doping

level of alkaline earth divalent elements in A-site and the average size of the cations (A-site).

The doping level, which controls the ratio between Mn3+ and Mn4+ ions, plays a key role

in producing different types of electronic phases such as ferromagnetic metallic (FMM),

anti-ferromagnetic insulating (AFI), paramagnetic insulating (PMI) and charge ordered

insulating (COI) states. Changing/controlling the cation size by different ion doping leads

to a distortion of the crystal structure of the manganite, resulting in distortions of the Mn -

O - Mn bonds which reduces the hoping amplitude (will be discussed later in this chapter).

2.2 Crystal field effect and Jahn-Teller effect

In this section, we aim to explain how the electronic states and associated energies of

manganites behave when Mn ions interact with oxygen ions that surround the Mn ions.

2.2.1 Perturbation due to the crystal: crystal field effect

The isolated manganese element, Mn, has five degenerate d-shell levels. The shapes of

the five different orbitals are shown in Fig. 2-4(a) (dxy, dyz, dxz, dx2−y2 and d3z2−r2). The

degeneracy is present due to rotational invariance within the angular momentum l = 2

subspace. However when the Mn ion is surrounded by O ions, some directions of the crystal

axes are certainly different compared to other directions due to the interaction between

the Mn and O ions as shown in examples of Mn(3dxy) and O(2px,y) (Fig. 2-4(b)) vs.

Mn(3dx2−y2) and O(2px,y) (Fig. 2-4(c)). This results in a splitting of the energies of the

five l = 2 levels which is called the Crystal-field splitting.
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Figure 2.4: (a) The shapes of the five different orbitals of d-shell. (b) Crystal field effect
between 3dxy and 2px,y. (c) Crystal field effect between 3dx2−y2 and 2px,y.
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doublet. Due to the orbital-lattice interaction in Mn3+(d4) parent manganese oxide, further
splitting of the degeneracy occurs called the Jahn-Teller effect.

By symmetry, the dxy, dyz, and dzx orbitals have the same energy if the three axes (x,

y, z) are equivalent (cubic environment). Thus, they form a triplet. The other two orbitals

dx2−y2 and d3z2−r2 form a doublet. Note that the triplet must have a lower energy than

the doublet: As shown in the Fig. 2-4(c), the orbitals of doublet point along the directions

where the oxygen ions are located (compare with Fig. 2-2) and hence the Coulomb repulsion

increases the energy.

The actual splitting of the energies (Δ) is found to be about 1 ∼ 2 eV for manganites

(both in theory and experiment). [23–25]

2.2.2 Jahn-Teller effect

In the crystal-field splitting, we considered the cubic symmetry that leads to an energy

splitting into the t2g triplet and eg doublet (see Sec. 2.2.1). These remaining degeneracies

can be further broken by the lattice motion/displacement. In Mn3+(d4) parent manganese
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oxide, the oxygen ions surrounding the Mn ion can re-adjust their positions, breaking the

symmetry that leads to further splitting of the degeneracy. The splitting of the degeneracy

due to the orbital-lattice interaction is called the Jahn-Teller effect. A schematic diagram

of the Jahn-Teller effect is shown in Fig. 2-5. The Jahn-Teller effect tends to occur sponta-

neously because the energy penalization of the lattice distortion grows as the square of that

distortion, while the energy splitting of the otherwise degenerate orbitals is linear. For this

reason, it is energetically favorable to spontaneously distort the lattice thus removing the

degeneracy. [25] Now, let us discuss the Jahn-Teller effect with a simple phenomenological

model. [26] Assume that ’Q’ is the distortion of the system (the distance of the distortion

along a normal mode coordinate). The energy associated with Q can be written as;

E(Q) =
1

2
Mω2Q2 (2.2)

where M and ω are the mass of the anion and the angular frequency at a normal mode,

respectively. Here, the Emin is zero when Q = 0 (no distortion). Phenomenologically, the

distortion raises certain orbitals’ energies while lowering the others. If all orbitals are either

completely filled or empty, the overall energy can be described by eqn (2-2). When the

orbitals are partially filled, the system can have a change in the total energy. In this case,

the electronic energy dependence on Q could be very complicated, but one can write it as

a Taylor series in Q, i.e., Epartial(Q) ≈ AQ + BQ2 + CQ3 + · · · . If we assume Q is small,

we can keep only the linear term (AQ or −AQ corresponding to a raising or a lowering of

the electronic energy where A is a positive constant). Then,

E(Q) = ±AQ+
1

2
Mω2Q2 (2.3)

By the choice of the sign, two separated curves will be obtained (see Fig. 2-6). To find

the minima, one can use ∂E/∂Q = 0 which yields Q0 by

Q0 =
A

Mω2
(2.4)

for the negative energy. Substituting this Q0 into eqn (2-4), we can get the minimum

energy.

E0 =
−A2

2Mω2
< 0 (2.5)

If only this orbital (with Q) is occupied, then the system can save the net energy by

spontaneously distorting the structure. Further numerical calculation can be found in p.63

- 69. [25]

So far, we have considered a static Jahn-Teller effect because the distortion is fixed on

a particular axis of an octahedron. However, the distortion can change from one axis to

another at high temperatures due to thermal excitation which is called a ’dynamic’ Jahn-

Teller effect. Another type of dynamic JT can be found in divalent doped manganites
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Figure 2.6: The energy of an octahedral structure as a function of distortion, Q according
to eqn (2-3) and (2-4), respectively.

(Re1−xDixMnO3) where Mn3+(d4) and Mn4+(d3) coexist with a ratio (1 - x) : x.

While the Mn4+(d3) parent manganite, such as CaMnO3, has no electron in an eg level

and hence it has no Jahn-Teller distortion induced energy splitting, the Mn3+(d4) parent

manganite such as LaMnO3 which has a single electron in every eg level undergoes the

Jahn-Teller distortion. These undoped manganites (both Mn4+(d3) and Mn3+(d4) parent

manganites) are electrical insulators: For the Mn4+(d3) parent manganites there are no

hopping eg electrons and hence the system naturally is an insulator. By contrast, the

Mn3+(d4) parent manganites have an electron in every eg level (see Fig. 2-5). However, the

electrons cannot hop between atoms due to the Pauli exclusion principle (the spins with

the same orientation cannot occupy the same energy level). Note that the spins in the

Mn4+(d3) parent manganites order in a more complex manner due to the Jahn-Teller effect

and super-exchange interaction (this will be discussed in the following section). However,

when divalent ions such as Ca2+ and Sr2+ are doped into Mn3+(d4) parent manganites, the

system contains both Mn3+(d4) and Mn4+(d3) and hence some of the eg levels are empty. As

a result, the eg electrons in Mn3+(d4 : t32ge
1
g) can hop to empty eg levels in Mn4+(d3 : t32ge

0
g)

which creates conduction electrons as discussed in the following section.
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Figure 2.7: Four different types of antiferromagnetic order: (a) A-type, (b) C-type, (c)
E-type, and (d) G-type, respectively.

2.3 Double exchange model

In this section, an early theoretical work for qualitatively understanding the ferromag-

netic metallic behaviour in manganites is presented. As discussed in the previous section,

Mn3+(d4 : t32ge
1
g) parent manganite has 4 electrons (3 electrons in every t2g level and 1

electron in every eg level) with total spin of 2 (S = 2). All electrons are subject to electron

repulsion/correlation effect. The electrons in the eg state strongly correlate with O2p states

and tend to localize forming an antiferromagnetic (AF) insulator due to super-exchange

(SE) interaction. [27] For example, LaMnO3 shows A-type ordering in which the ferro-

magnetic ab plane is coupled antiferromagnetically along the c-axis. [27] This occurs by

the Jahn-Teller distortion of Mn3+ ions which gives alternate long and short Mn - O bonds

within the (100) plane. The orbitals on neighbouring Mn3+ ions are differently oriented and

the super-exchange (SE) leads to an interaction between an occupied orbital on one atom

with an unoccupied orbital on its neighbour. The in-plane interaction is thus ferromagnetic

while the out-of-plane interaction is AF because of the SE interaction. Fig. 2-7(a)-(d) show

4 different types of antiferromagnetic order.

However when divalent ions such as Ca2+ or Sr2+ are doped with a certain proportion

(∼ 30 % is usually an optimum range) the eg electrons can hop and hence act as conduction

electrons. The t2g electrons are stabilized by the crystal-field splitting and localized by

the strong correlation effect (S = 3/2). Due to Hund’s rule there exists a strong coupling

between t2g localized electrons (S = 3/2) and eg conduction electron (S = 1/2). The
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exchange energy JH is about 2 ∼ 3 eV in manganites and exceeds the hopping interaction

t0ij of the conduction eg electron between the neighbouring sites, i and j. For the case of JH

� tij (strong coupling condition), the effective hopping interaction tij can be expressed by

(Anderson-Hasegawa relation [28])

tij = t0ij cos(θij/2) (2.6)

As shown in the equation above, the magnitude of the hopping depends on the relative

angle (θij) between the neighbouring spins (Mn4+ - Mn3+). The ferromagnetic interaction

via the exchange of the conduction electron whose spin has on-site coupling with the local

spin (t2g) is called ”double-exchange interaction” (named ”double” exchange interaction

since the hopping occurs through the O2p state). A schematic diagram is shown in Fig.

2-8(a).

The double exchange (DE) model qualitatively explains the ferromagnetic behaviour of

manganites (below the metal-to-insulator phase transition temperature TMIT ). The differ-

ent situations are qualitatively shown in Fig. 2-8(b)-(e). In an undoped manganite, the

spins arrange antiferromagnetically due to the SE interaction in which the hopping magni-

tude becomes zero (θij = 180◦, Fig. 2-8(b)). Hence, insulating behaviour is expected in this

configuration. At low temperature (T � TMIT ) of divalent doped manganite, ferromag-

netic order of the spins is observed and it maximizes the hopping amplitude (conductivity)

of the sample (Fig. 2-8(c)). Note that the eg electron on a Mn3+ ion can only hop when

spins between t2g on Mn3+ and Mn4+ are aligned since the eg electron and the 3 electrons in

the t2g level want to keep the spin orientations aligned due to JH (Hund’s coupling). Thus

ferromagnetic alignment of neighbouring ions is required to keep the high-spin arrangement

on both the donating and receiving ions. Since the ability to hop gives a kinetic energy

saving, this allows the hopping process to reduce the overall energy. Therefore, ferromag-

netic alignment allows the eg electrons to hop through the crystal and the material becomes

metallic. Near TMIT , the spins orient in random directions (dynamically distorted) due to

thermal-dynamic vibrations (Fig. 2-8(d)). Hence the hopping interaction is lowered because

the angle between the neighbouring spins is increased. However, when a magnetic field is

applied at this temperature, the spins tend to align along the external magnetic field and

reduce the effective angle between the spins. This increases the hopping interaction which

lowers the resistivity of the system leading to large magneto-resistance (CMR) behaviour

(Fig. 2-8(e)). [29]

2.4 Phase separation and percolation model

The double exchange (DE) model discussed in the previous section explains how ferromag-

netic metallic can arise in doped manganites with a simple but powerful concept. However,

subsequent studies have shown that the DE model produces wrong TMIT values (one even
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Figure 2.8: (a) A schematic diagram of double exchange interaction. (b) Antiferromag-
netic order of undoped manganite. (c) Ferromagnetic order of divalent doped manganite
at low temperature. (d) The spin orientations near the metal-to-insulator phase transition
temperature where the spins orient in random direction due to thermal-dynamic vibra-
tions. (e) The effect of external magnetic field near the metal-to-insulator phase transition
temperature. [29]
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found insulating behaviour below TMIT or metallic behaviour above TMIT ) by a large

factor. [30–32] Furthermore, more recent studies strongly suggest that manganites are in-

trinsically inhomogeneous due to the co-existence of the competing phase clusters (domains)

while the DE model assumes that manganites are uniform and homogeneous. [28, 33] Such

incomplete explanations have demanded other models to understand the transport proper-

ties of manganites.

From both theoretical and experimental studies, the presence of nano-scale electronic

phase separation and percolation of phase separated clusters in manganites are now believed

to play a prominent role in its intriguing transport properties such as the CMR effect. [1,2] In

this thesis, the percolation model is important for understanding the ”spatial confinement

phenomenon”. In a spatially confined manganite, such as the LPCMO system, lateral

sizes of phase domains are comparable to the width of the sample in which only a few phase

domains can be trapped within the confined region. In such a situation, a single percolation

event can cause a significant change in the overall resistance of the system.

As a simple example to qualitatively understand the notion of percolation, one can

use a checkerboard plate where each space is occupied randomly with a probability p. The

occupied spaces are filled in grey. In a random distribution of these spaces ”clusters (black)”

will be formed which are the sets of the several occupied spaces directly linked. Percolation

deals with the links of these ”clusters”. Now, imagine that water can only flow through

the occupied spaces (grey and/or black). As p increases there will be more links where

the water can flow. And at a certain p (called threshold p), water can flow from A to B

where the system actually percolates. This scenario is illustrated in Fig. 2-9: when p =

0.2, 20 percent of the checkerboard is occupied and few clusters are formed by direct links

between the occupied states. However, at p = 0.2, a path from A to B is not formed, hence

no flow of water is expected. At p = 0.5, 50 percent of the checkerboard is occupied and

many clusters are formed that actually create a path from A to B in which flow of water is

expected.

Note that the notion of percolation is not restricted to a certain shape but can be formed

in any shape. In manganites, the percolation model is applied to study the electronic phase

separation where black and white spaces correspond as ferromagnetic metallic (FMM) and

charge ordered insulating (COI) phase domains, respectively. Now, the colossal magnetore-

sistance (CMR) behaviour in manganite can be explained by the percolation model. When

the system’s temperature is near the metal-insulator transition temperature, small and dis-

continued FM clusters (domains) are seeding randomly within the insulating background.

However, the fraction of FM clusters grow as the external magnetic field is applied and

percolates at some point. Here, a dramatic drop of the resistivity is expected due to the

creation of a conduction path which leads to CMR behaviour.

Recent experimental work with advanced imaging techniques show direct evidence of the
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Figure 2.9: (Left) Random occupation of spaces with p = 0.2 where white, grey and black
are unoccupied state, occupied state and cluster of the occupied states, respectively. (Right)
Random occupation of spaces with p = 0.5 where the system percolates.

percolation phenomenon of micrometer size phase separation. [8–10] This micrometer scale

phase separation seen in experiments does not seem to be well addressed in existing con-

densed matter physics theories; hence a phenomenological percolation model is often being

used to explain the underlying mechanism of the observed events. [25]

2.5 Spatial confinement phenomenon in manganite system

Recent experimental studies of spatially confined films, i.e. where the lateral dimensions

of the films are comparable to the size of inherent phase domains, have presented unique

magneto-transport behaviour. A schematic illustration of spatial confinement in a man-

ganite is shown in Fig. 2-10. In an electronic phase separated manganite, competing

phases (usually charge ordered insulating (COI) phase (check pattern background) and fer-

romagnetic metallic (FMM) phase (dark blue)) co-exist near the metal-to-insulator phase

transition temperature. The current flows through the FMM domain connections. However,

if the lateral width of the system is reduced to the size of the inherent phase domains, the

overall resistance can be significantly changed by the status of FMM domains within the

narrow region. For example, when the FMM domains are separated by a COI domain a

high resistance level is expected while the connection of FMM domains (percolation) sig-

nificantly lowers the overall resistance. Hence in such a system percolation through the

confined region plays a main role in determining its electronic transport properties.

For example, Zhai et al. found giant and ultrasharp discrete resistance steps near the

metal-insulator transition in spatially confined (La(5/8−0.3)Pr0.3)Ca3/8MnO3 wires (shown
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FMM domains 
COI domains 

Figure 2.10: A schematic illustration of spatial confinement in manganite: in manganite sys-
tem, ferromagnetic metallic (FMM) phase domains (dark blue) grow within the background
of charge ordered insulating (COI) phase domains (check pattern background) and one can
imagine the current easily flows through FMM domains. However, when the system’s width
is reduced to the size of the phase domains (red rectangle, spatial confinement), the con-
duction path can be annihilated or created by the percolation of FMM domains within
the spatially confined region (the arrows indicate disconnection of FMM domains; when
the FMM domains join a sharp resistance jump is expected). Figure is reproduced from
Ref. [12].
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(a) 

(b) 

Figure 2.11: (a) Resistivity vs. temperature profiles for (La(5/8−0.3)Pr0.3)Ca3/8MnO3 wires
on LAO substrate under a 3.75 T external magnetic field. Sharp jumps of resistivity can be
seen near the metal-to-insulator phase transition temperature for both cooling and warm-
ing process. [12] (b) Resistance vs. magnetic field curves and magnetization vs. mag-
netic field (with different field steps: 2000 Oe/step and 500 Oe/step, respectively) for
Pr0.65(Ca0.75Sr0.25)0.35MnO3 structure at 75 K. [13]

in Fig. 2-11(a)). [12] From the result, one can see the appearance of the sharp resistivity

jumps occurs when the width of the LPCMO wires is reduced to 1.6 μm while wider width

wires do not show noticeable resistivity jumps. This result strongly suggests that the sharp

resistivity jumps are likely the consequences of the reduction of conducting channels down to

a single pathway, i.e., spatial confinement. Wu and Mitchell also observed sudden resistive

jumps during the sweeping of the magnetic field in mesoscopic Pr0.65(Ca0.75Sr0.25)0.35MnO3

structures (shown in Fig. 2-11(b)). [13] It should be noted that the magnetization curves

do not show any discrete jumps while the resistance curve shows sudden jumps during

the field sweeping. They concluded that the jumps in the resistance vs. magnetic field

curves originate from the magnetic-field-induced creation and annihilation of single or a

few conducting filaments without a significant increase in phase fraction.

Fig. 2-12 shows magnetic force microscopy (MFM) images of electronic phase domain

change and its corresponding resistivity as a function of temperature in wide thin films of

La0.33Pr0.34Ca0.33MnO3. [10] As shown in the Fig. 2-12, during the cooling process, the

FMM (dark color) domains grow within the COI/CDI (bright color) background and merge

at the metal-to-insulator transition temperature TP1. One can see the resistivity steeply

decrease during this FMM ’merging’ process directly demonstrating that percolation plays

an important role in the resistivity of EPS manganites. By contrast, upon warming, the

FMM domain size remains unchanged until near the transition temperature and the FMM
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Figure 2.12: The temperature-dependent MFM image (a)for cooling process (scanned area:
6 by 6 micrometer) and (c)for warming process (scanned area: 7.5 by 7.5 micrometer). The
corresponding resistance vs. temperature is shown for cooling (blue) and warming (red)
processes, respectively. [10]
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domains disappear at TP2. Note that TP2 is higher than TP1. This explains the thermal

hysteresis of the LPCMO system. Furthermore, it is notable that some FMM domains are

observed even well above TP2, indicating magnetic inhomogeneity of the system even at

high temperatures. [10]

In summary; as discussed in the above examples (as well as other research on spatially

confined LPCMO systems), (La1−xPrx)1−yCayMnO3 thin films with y = 0.3 ∼ 0.35 and

x = 0.5 ∼ 0.6 have shown noteworthy magneto-transport phenomena when the sample’s

lateral dimension is reduced to few μm. These fascinating confinement-based phenom-

ena occur because these LPCMO systems possess large scale electronic phase separation

with the sizes of the FMM and COI electronic phase domains also being on the order of

micrometers. [8–10] Furthermore, samples (LPCMO films) with such lateral sizes (few mi-

crometers) are straightforward to synthesize using standard photo-lithography and chemical

wet-etching techniques. These characteristics of LPCMO described make them ideal sys-

tems for experimentally investigating certain novel magneto-transport properties that are

governed by the effect of spatial confinement. In this thesis, I have specifically chosen the

composition La0.3Pr0.4Ca0.3MnO3 for my investigations.
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Chapter 3

Experimental Techniques

In this chapter, the experimental techniques for sample preparation and characterization of

the resistivity of the samples in this thesis will be described. First, a solid state reaction

method for synthesizing the sputtering target (bulk La-Pr-Ca-Mn-O system) is discussed.

Then, the film deposition process by using the off-axis D. C. magnetron sputtering system is

described. Next, the fabrication of spatial confined LPCMO systems by photo-lithography

and chemical wet-etching process is explained. Finally, the general features of the transport

measurement systems are introduced. Note that since the research in different chapters

in this thesis uses different measurement techniques, specific methods and conditions for a

certain subject will be re-discussed in each chapter.

3.1 Polycrystalline LPCMO bulk sputtering target

Prior to fabricating spatially confined thin films, it is necessary to prepare a sputtering target

with good quality in order to deposit thin films. For the target fabrication, polycrystalline

La0.3Pr0.4Ca0.3MnO3 (LPCMO) bulk samples are prepared using a standard solid state

reaction method. In order to obtain the stoichiometry of LPCMO, La2O3 (Alfa Aesar 99.999

% purity), Pr6O11 (Alfa Aesar 99.996 % purity), CaCO3 (Anderson Physics Laboratory Inc.

99.995 % purity) and MnO2 (Aldrich Chemical 99.99 % purity) powders are dried in an 80◦C
oven (Fisher Isotemp Oven) for more than 24 hours to remove undesirable moisture. Then

precise amounts of each powder, according to the composition, are mixed and pressed into

pellets. Depending on the purpose of the sample, different diameters of the pellets are used;

1/4” for testing bulk samples (1 ∼ 2 g) and 1” for sputtering target (7 ∼ 9 g), respectively.

The pressed pellets are then calcined at 1100◦C for 24 hours in air. The resulting samples

are pulverized, pressed and sintered at 1200◦C for 24 hours. This process is repeated once

more to obtain a homogeneous chemical state of the samples. As the final process, the

samples are pulverized, pressed and sintered at 1200◦C for 48 hours. The electric transport

properties of the prepared testing samples (1/4” pellets-cut into rectangular shape) are

measured with standard four-point probe method to check the quality of the sample. After

the characterization, the results are compared to previous studies (or to other researcher’s
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results). If the results agree with others (e.g. TMIT within 5 %), the sputtering target is

prepared in the same process and placed into D. C. sputtering system.

3.2 Thin film growth

The fabrication of thin films of the LPCMO system is achieved by using a D. C. off-axis

magnetron sputtering system which is one of the most common film deposition techniques

on single crystal substrates. A schematic diagram of the sputtering process and pictures of

the sputtering system are shown in Fig. 3-1. The basic process of sputtering is as follows:

In an argon-oxygen mixture filled chamber, when a constant voltage is applied between the

target (cathode) and the substrate (anode), it ionizes the Ar gas and creates a plasma.

Then, the energetic argon ions (Ar+) accelerate towards a prepared sputtering target. The

collisions of these Ar ions onto the target eject target atoms (LPCMO) and secondary

electrons into the chamber space. These ejected atoms travel the distance to the substrate

and sit on the heated substrate. As more target atoms sit on the heated substrate, they

begin to bind to each other and form a tightly bound atomic layer and multiple layers of

atomic layers are deposited at a rate depending on the sputtering conditions such as time,

acceleration voltage, substrate temperature, etc. In our D. C. magnetron sputtering system,

magnets are placed behind the target. These magnets induce a strong magnetic field near

the target area and the field causes the secondary electrons to spiral along magnetic flux

lines which increases the traveling distance of the electrons. This effect eventually increases

the probability of collision between the electrons and Ar atoms near the target. As a result

it generates a dense plasma which increases the efficiency of the sputtering process. An

illustration of the sputtering process is shown in Fig. 3-1(c). Furthermore, the O2 gas in

the chamber acts as a reactive gas during the sputtering process which aids in maintaining

the stoichiometry of the LPCMO thin films.

Before depositing the LPCMO films, a test film is first deposited in order to calibrate

the deposition rate and also to check the quality of the film. The thicknesses of the films

were characterized by a profilometer (Alphastep IQ) and atomic force microscopy (AFM,

Asylum). The deposition rate was found to be 1.46 ± 0.15 nm/min. The thin films studied

in this thesis were deposited on commercial (100)-oriented one-side polished SrTiO3(STO)

and LaAlO3(LAO) substrates. Prior to the deposition of LPCMO thin films, the substrates

were carefully cut and cleaned. Note that the substrates were cleaned with heated (∼ 70oC)

detergent (Alconox, Detergent 8) and an ultrasonic bath (Branson, B-42H). The cleaned

substrates were then attached on a nickel plate with silver paste (Ted Pella, Inc., Leitsil-

ber 200 silver paint) and dried in air for more than 3 hours. Before placing the prepared

substrates into the sputtering system, inside the sputtering chamber was cleaned to get rid

of any undesirable particles. Then, the substrates were placed into the sputtering chamber

and vacuumed down to ∼ 3.0 × 10−7 Torr. The LPCMO thin films were deposited at a

temperature of 750◦C in an oxygen-argon mixture (Ar: 20 mTorr, O2: 100 mTorr) environ-
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Figure 3.1: (a) A picture of the inside of the sputtering chamber: For LPCMO thin film
deposition, a 1 inch magnetron sputtering gun is used where the shutter is installed to control
(on/off) the sputtering. (b) A picture of the sputtering system: the system consists of a
vacuum chamber, vacuum pump unit, water supply, and control station. (c) An illustration
of off axis D. C. magnetron sputtering process: As Ar ions accelerate toward the sputtering
target, the collisions of these Ar ions onto the target eject target atoms (LPCMO). Then
the ejected atoms sit layer by layer on the heated substrate.
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Figure 3.2: Procedure of photo-lithography and chemical wet-etching: (a) Sample prepara-
tion and surface cleaning. (b) Photoresist (HPR 504) spreading. (c) Mask aligning and UV
exposure. (d) Development of the pattern (DEV 354). (e) Chemical wet-etching process.
(f) Cleaning the photoresist.

ment. Furthermore, the plate with substrates was rotated (± 10◦) during the deposition

in order to get uniform thickness of LPCMO films. The deposition time was adjusted to

have the desired thicknesses of the films. After the deposition, the chamber was filled with

pure oxygen at atmospheric pressure, then the films were cooled down to 650◦C at a rate of

3◦C/min and annealed for 3 hours at this temperature. The films were then cooled down

to room temperature at a rate of 20◦C/min.

3.3 Device fabrication: photo-lithography and chemical wet-
etching

Conventional photo-lithography with chemical wet-etching enables us to fabricate microm-

eter lateral dimensions of thin films. Fabricating micrometre-width bridge is an impor-

tant part of the spatially confined sample preparation. The entire process of the photo-

lithography was done in the Nanofab (University of Alberta). In order to obtain a desirable

geometry of the bridge, the photo-mask patterns were designed by using L-edit program

and printed with Cr coating on a quartz glass.

The photo-lithography process is the following (shown in Fig. 3-2): (1) Prepare the sample

(clean the surface of the thin films). (2) Place the cleaned sample on a spinner (Solitec

photoresist spinner station) and put a drop of photo-resist (HPR 504) on the surface of

28



the film then run the spinner (initial spin 500 rpm for 10 s, main spin at 4,000 rmp for 30

s) in order to have uniform spread of the photo-resist on the surface. After the spreading

process, the photo-resist covered sample should be baked in a vacuum oven at 120◦ for 90

s. (3) Align the sample under a photo-mask and press the mask so that no light leaks when

the sample is exposed to ultra-violet (UV) light. Then, UV light is turned on for 2.5 s. (4)

This was followed by developing (photo-resist melting process) the sample in a developer

(DEV 354) for 18 s. When the development was done, the pattern’s quality was checked by

optical-microscopy. (5) The developed sample is immersed in chemical solution to remove

undesirable parts of the LPCMO pattern (chemical wet-etching process). The optimum

etching solution for the manganite was found to be HCl + H2O + KI with a ratio of 10

: 200 : 3 that had an etching rate of ∼ 25 ± 5 nm/min for LPCMO thin films. When

the wet-etching was done, the sample was immersed into water to remove the solution. In

order to confirm the removal of the undesirable part of the pattern, the resistance of the

etched part was measured (> 2 × 109Ω). Also, the pattern was carefully checked with an

optical microscope. (6) Finally, if the pattern had no problem, the remaining photo-resist

was removed by acetone.

3.4 Transport measurements

The magneto-transport measurements of the prepared samples were achieved by a home-

built anisotropic magneto-resistance (AMR) system. A picture of the AMR system is shown

in Fig. 3-3. The AMR system consisted of a vacuum unit, cryogenics, measurement unit

and magnet unit. Each unit is controlled and monitored by a PC with home built LabView

drivers. To help the understanding of the system, a schematic and block diagram is shown

in Fig. 3-4. Prior to mounting the samples, the electrodes were sputtered from R. F.

sputtering with a pure Ag target (2” disk). Then, the wires with indium coated ends

were connected onto the electrodes and samples were loaded into the system. The samples

were attached on the oxygen-free copper with a grease (Apiezone N-type) for good thermal

conduction. Note that thin kapton film is placed between the sample and the copper block

for electrical isolation (with good thermal conduction). Then, the system was closed, sealed

and vacuumed by using a turbo pump (Varian DS202). In order to remove undesirable

molecules in the system, the pumping was run until the pressure is on the order of 10−6

Torr. Then, the cryogenic (Sumimoto RDK-408D2 and CSW 71) unit was turned on to cool

down the system. The temperature of the sample is controlled by a temperature controller

(LS 332 controller) that is connected to a heater (Vishay type 301470) and a thermometer

(Cernox cx-1050-AA). The temperature range of the transport measurement was 10 - 300

K.

The measurement unit of the system consist of two nanovoltmeters (Keithley 2182), two

AC/DC current sources (Keithley 6221) and two sourcemeters (Keithley 2410) so that 4

samples can be characterized at the same time. The configuration of the 4 point probe
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Figure 3.3: A picture of anisotropic magneto-resistance (AMR) system that is consisted of
vacuum unit, cryogenics, measurement unit and magnet unit, respectively. The inset of the
picture shows inside of the AMR system where the samples are placed.
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Figure 3.4: A schematic and block diagram of transport measurement system.
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(a) (b) 

Figure 3.5: The 4 point probe method for (a) AC/DC current source and nanovoltmeter
combination and (b) sourcemeter unit.

method used to measure the resistance of each sample is shown in Fig. 3-5. Also, in order

to minimize measurement noise, all the wires are properly shielded and separated from

vibration sources.

In the following chapters, different types of transport properties are carried out; resistance

vs. magnetic field, resistance vs. field angle and resistance vs time. Detailed measurement

conditions will be further described in each chapter.
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Chapter 4

Re-entrant Low-field
Magneto-resistance in LPCMO
Film due to Spatial Confinement

4.1 Introduction

In many manganites, the co-existence of phases (such as FMM, COI, etc.) is believed

to play a very prominent role in determining the material’s magneto-transport properties,

including the existence of colossal magnetoresistance (CMR). [9, 13, 34] Keep in mind the

fact that the CMR effects in manganites often require high magnetic field of about few (or

even tens) Tesla (e.g., > 3 T is required to achieve significant CMR). This is one of the

reasons that the development of devices using CMR material (manganite) has been delayed.

In this chapter of the thesis, we investigate the influence of the spatial confinement-induced

jumps in the temperature dependence of the resistivity on the low field colossal magneto-

resistance (LF-CMR), a parameter that is of particular relevance in device applications

such as nonvolatile memory, electronic sensors, etc. [3,19,35–39] The LF-CMR of a confined

LPCMO system has not been previously reported and may be different from a ’wide’ film.

As discussed in Chapter 2, the electronic phase separation (EPS) is particularly large-scale

in (La1−yPry)1−xCaxMnO3 (LPCMO) [8,10,40,41] where the size of the domains can be on

the order of μm below the metal-insulator transition temperature TMIT . Consequently, it

has been found that sudden jumps in the resistivity (below the metal-insulator transition

temperature) exist when the temperature or magnetic field is changed slightly. [12,14,42,43]

These jumps occur in a μm wide sample because the transport pathway may contain only

a small number of domains, and hence the transition of a single domain from insulating

to metallic (or vice versa) can have a very significant effect on the conduction path. The

high sensitivity of the resistance jumps to the magnetic field suggests that the spatially

confined system may have a very different LF-CMR compared to a wide system. Here,

the LF-CMR was investigated in La0.3Pr0.4Ca0.3MnO3 thin film micro-bridges of 2 μm

and 25 μm in width. The 2 μm wide micro-bridge showed confinement-induced resistance
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jumps while the 25 μm wide micro-bridge showed smooth changes in the resistance as

temperature/magnetic field was changed. A broad single maximum is observed in a field

of 1.08 T in the temperature dependence of the MR for both films. However, at lower

magnetic fields two separate maxima appear in the temperature dependence of the MR for

the spatially confined 2 μm wide micro-bridge. The maximum at a lower temperature has

a much weaker dependence on magnetic field than the one at higher temperatures close to

TMIT .

4.2 Experimental details

The studies were carried out on two La0.3Pr0.4Ca0.3MnO3 films of thickness 45 nm deposited

on SrTiO3 (STO) substrates by direct current magnetron sputtering, and patterned as

indicated in the insets of Fig. 4-1. The micro-bridge parts of the film are 2 μm by 2 μm

and 25 μm by 25 μm in Fig. 4-1(a) and Fig. 4-1(b), respectively, and because of their

small areas compared to the rest of the films, are expected to contribute significantly to

the transport properties in both films. For example, from geometrical considerations alone

(i.e., assuming a uniform resistivity throughout the film), the resistance ratios between the

microbridge and the rest of the film (between the voltage contacts) are ∼ 25:1 and ∼ 15:1

for the 2 μm × 2 μm and 25 μm × 25 μm bridges, respectively. The square geometry is

chosen so that both films have very similar resistances at room temperature, as indicated

in Fig. 4-1. The appropriate geometries were obtained by using standard photolithography

and a manganite wet-etching solution (potassium iodide (KI) + hydrogen chloride (HCl)

+ deionized water (H2O)) to pattern the LPCMO films, then using a suitable wet-etchant

to remove the irrelevant parts of the manganite film. Silver was used for electrical contacts

in a four point configuration (outside of the regions shown in the insets in Fig. 4-1). A

Keithley 6221 DC/AC current source was used to provide a constant current of 1 μA to the

film, the voltage was measured with a Keithley 2182A nanovoltmeter, and the resistance R

subsequently calculated (also, see Chapter 3 for details). Homemade LABVIEW programs

were used to control the temperature, set the magnetic field, calculate and record the

resistances, etc.

4.3 Results and discussion

Fig. 4-1 shows the temperature dependence of the resistance of both LPCMO micro-bridges

in various applied magnetic fields. After first field-cooling the sample to 10 K, the data were

collected upon warming at a rate of 3 K/min and the current and magnetic field applied

in the directions shown in the insets in Fig. 4-1(a) and (b). In the narrow, i.e. 2 μm,

bridge, sharp jumps in the resistance are observed between 100 K and 130 K at some

fields, as indicated in more detail in Fig. 4-2(a). These jumps are most prominent in the

absence of an applied field. With an increasing field, the onset of the jumps moves to higher
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Figure 4.1: Temperature and field dependence of the resistance in the (a) 2 micrometer and
the (b) 25 micrometer width micro-bridges during warming. The shaded regions are shown
expanded in Fig. 4-2. The insets show pictures of the 2 by 2 and 25 by 25 micro-bridges
with the directions of the current (I) and magnetic field (H) indicated.)
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Figure 4.2: Temperature and field dependence of the resistance in the (a) 2 micrometer and
the (b) 25 micrometer micro-bridges during warming process. These plots are an expansion
of Fig. 4-1 (the shaded regions) from 100 K to 130 K.
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temperatures and the size of the jumps decreases (at fields larger than 1 T, they are barely

visible). As indicated in Fig. 4-2(b), in the wide, i.e. 25 μm, bridge, these jumps are very

suppressed, although some evidence for them might still exist at the lower fields.

By considering the models put forth by other researchers who have studied spatially

confined manganite bridges (width of a few micrometers to hundreds nanometers), [3,9,11–

13, 34, 42] we suggest the following qualitative mechanisms for the behaviour of resistance

vs. temperature, R(T), profile below TMIT observed in Fig. 4-1 and Fig. 4-2. First,

consider the H = 0 T data for the 2 μm bridge. At low temperatures, e.g., 10 K, the

LPCMO film is made up of an electronically phase-separated state consisting of FMM and

COI/CDI domains, and there is significant percolation between the FMM domains. Upon

warming from 10 K, the volume fraction of the FMM domains decreases and the resistance

of the system increases. The sharp jumps in R(T) occur when the metallic and insulating

domain sizes are comparable to the width of the bridge, i.e., μm. Here, the conduction

pathway is dominated by a small number of metallic and insulating domains, and hence

the loss of percolation between two adjacent FMM domains can have a large, and sudden,

effect on the resistance. Upon further warming, the FMM domains shrink in size until they

are much smaller than the width of the bridge, and a local transition of a metallic region

into insulating does not have a dramatic effect on the resistance; hence, the jumps are no

longer apparent. As noted above, the onset of the jumps shifts to higher temperature as

the magnetic field is increased. This is consistent with the fact that the FMM domains

and the relative volume of metallic to insulating regions are larger in a higher magnetic

field, and hence a higher temperature must be reached before the width of the sample

becomes comparable with the size of the metallic/insulating domains. At high fields (e.g.,

1.08 T), the jumps are barely visible, implying that such fields prevent the formation of

metallic/insulating domains of μm size. The lack of jumps in the 25 μm bridge implies that

we never reach the regime such that we can confine a small number of metallic/insulating

domains within the sample, and its transport properties should approach those of a normal

wide film.

The existence of the large jumps in R(T) at low fields and their high sensitivity to the

magnitude of the field introduces additional characteristics into the magnetoresistance of

the narrow bridge. The magnetoresistance is defined by

MR =
[R(0)−R(H)]

R(0)
, (4.1)

where R(0) and R(H) are the resistance at zero field and non-zero field, respectively.

This is illustrated in Fig. 4-3, which shows the temperature dependence of the MR in the

2 μm and 25 μm bridges. In the 25 μm film (Fig. 4-3(b)), the MR peaks near the TMIT

(137 K); such behaviour is typical of wide films. [4, 44]

However, in the 2 μm bridge, a second peak of MR(T) appears (at ∼ 117 K in Fig.

4-2(b) shaded region), which is particularly clear at the low fields (0.2 T). In other words,
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Figure 4.3: Temperature and field dependence of the magnetoresistance in the (a) 2 mi-
crometer and the (b) 25 micrometer micro-bridges during warming. The shaded regions are
the temperature range where a secondary peak appears for a spatially confined manganite
system. The insets show the dependence of the MR at 117 K and near metal-insulator
transition temperature.
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Figure 4.4: The plots (a) to (f) show the normalized resistance versus the magnetic field
of 2 micrometer width bridge. The arrows indicate the direction of the field sweep, the field
is first increased to 1.08 T and then subsequently decreased to 0 T.
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the significant changes in the shape of R(T) with small changes in the external magnetic

field produces a MR enhanced region below the TMIT in the 2 μm bridge. Furthermore, this

lower temperature MR peak is more robust with field then the MR peak near the TMIT .

For example, when the external magnetic field is reduced from 1.08 T to 0.2 T, the MR at

the higher temperature peak is reduced by ∼ 47% while the MR at the lower temperature

peak is reduced by only ∼ 16% (see the insets in Fig. 4-3). Note also that the low field

(0.2 T) MR at the low temperature peak remains large with a value of ∼ 0.8 in the 2 μm

bridge, while in 25 μm bridge, the value is only ∼ 0.4.

We point out that some randomness is expected in the jumping events since the domains

do not have exactly the same configuration from one measurement to the next. Nevertheless,

we have measured the R(T) curves several times and verified that the behaviour is very

similar each time. Hence, the results in Fig. 4-3 are quite reproducible.

As we shall discuss below, the existence of spatial confinement in the 2 μm bridge also

produces interesting additional features in the magnetic field dependence of the resistance,

i.e., R(H), and the associated hysteresis loops. The normalized R(H) at various tempera-

tures is shown in Fig. 4-4(a) to (f) for the 2 μm bridge (normalized to the value of R for

H = 0 T); at each temperature, the field is first increased to 1.08 T and then subsequently

decreased to 0 T with a rate of 2 mT/s. Notice there is significant hysteresis between the

upward and downward scanning directions at most temperatures below 150 K. The shapes

of the hysteresis loops in the 2 μm bridge fall into two general categories: in one case, such

as in Fig. 4-4(b) and Fig. 4-4(d), the hysteresis loop is smooth. However, at some temper-

atures such as that shown in Fig. 4-4(c), there are sharp and large changes in R during the

field scan superimposed upon the smooth hysteresis loop. In contrast to the 2 μm bridge,

we note that in the 25 μm bridge, the hysteresis loops are all of the former, i.e. smooth,

type. Clearly, the appearance of the jumps in R(H) in the 2 μm bridge is due to the effects

of spatial confinement. For example, the sharp decrease in the resistance at ∼ 0.2 T for

115 K (Fig. 4-4(c)) upon increasing field indicates that under these conditions, the bridge

contains only a few insulating/metallic domains; here, the conversion of a local insulating

region into a FMM region in the bridge dramatically enhances the percolation within the

bridge and produces a large sudden decrease in the resistance. During the downward sweep

of the field, the reverse takes place albeit at a lower field, i.e. it is the single disconnection

of the percolation path within the bridge that produces the sharp increase of the resistance.

We also point out that with increasing temperature around 115 K, the “jump field” also

increases: for example, while the resistance sharply decreases at ∼ 0.2 T for 115 K, the

drops take place at 0.3 T for 117 K, and at 0.86 T for 119 K (not shown), consistent with

the decrease of the FMM volume and domain size with increasing T.

The areas of the hysteresis loops are plotted versus temperature in Fig. 4-5 for both the

2 μm and the 25 μm bridges. In the 25 μm bridge, there is a single peak in the normalized

area at ∼ 130 K, near the TMIT . This is consistent with the fact that the phase competition
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Figure 4.5: The plot shows the area of the R(H) loop versus temperature in the 2 microm-
eter and (inset) 25 micrometer micro-bridges.

in this sample is the most prominent near the TMIT , [13, 45, 46] and that the size of the

(normalized) hysteresis loop is a measure of the phase competition within the system. (The

dominant phases are FMM and COI at 50 K and 200 K, respectively.) Notably, the spatial

confinement in the 2 μm bridge produces a second peak in the normalized area (occurring

at ∼ 115 K), as shown in Fig. 4-5. These two peaks are located in the same temperature

range as the peaks in the temperature dependence of the MR on temperature (see Fig. 4-3).

4.4 Conclusions

In conclusion, we find that the sudden jumps in the temperature dependence of the resis-

tance that appear in a spatially confined LPCMO 2 μm micro-bridge produces additional

features in its magnetoresistance. Two peaks are seen in the temperature dependence of

the magnetoresistance as well as the temperature dependence of the area of the hysteresis

loops that exist in an isothermal magnetic field scan of the resistance. One of the peaks

is close to the metal-insulator transition temperature, as expected for a standard mangan-

ite film, while the additional peak occurs at lower temperatures where co-existing metallic

and insulating domains have sizes comparable to the spatially confined region. The mag-

netoresistance of the latter peak is considerably less sensitive to magnetic field than the

former. Furthermore, its value at 0.2 T is enhanced by about 100% compared to that of
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the 25 μm bridge at the same temperature and field. These results imply that the spatially

confined LPCMO thin film requires relatively low field to produce ’colossal’ magnetoresis-

tance. Keep in mind that CMR occur at high field (≥ 3 T) in wide manganite thin films.

Our results suggest that fabrication of the LF-CMR devices such as nonvolatile memory,

magnetic sensors are feasible by using the spatial confinement phenomena.
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Chapter 5

Field Dependent Resistive
Evolution in Spatially Confined
LPCMO Thin Films

5.1 Introduction

In the previous chapter, we have shown the effects of the external magnetic field in a

spatially confined LPCMO thin film (2 μmwidth). This system exhibited sharp jumps in the

resistance with slight modifications of the temperature and magnetic field. These dramatic

and sudden resistance switching behaviours are of particular interest for applications such

as those related to fast switching sensors. [11,12,38,43,47–49] Another parameter that may

be of interest for better scientific understanding, as well as reliable operation, of spatially

confined devices is the long time evolution of the resistance.

It is well established that the isothermal resistance of many manganite films changes with

time. In “wide” LPCMO (and also other manganite) films whose smallest lateral dimensions

are many orders of magnitude larger than the size of the intrinsic electronic phase domains

(e.g., FMM and COI), a smooth evolution of the resistance is seen that changes over the

timescale of many minutes. The resistance R in such wide films can increase or decrease

with time t depending on the nature of the final state of the system, and this phenomenon

mostly occurs at temperatures and/or magnetic fields where phase-competition is taking

place within the sample. [2, 50–54]

The time evolution of the resistance of spatially confined manganites are much less

studied than in wide films. However, those that do exist show marked contrast with the

smooth long-time evolution of the resistance observed in wide films. For example, Wu and

Mitchell [13] investigated narrow Pr0.65(Ca0.75Sr0.25)0.35MnO3 thin films, another mangan-

ite system with micrometer sized electronically phase separated domains, and showed the

existence of sudden giant resistance steps in R(t) which are sporadically distributed on the

long-time relaxation of R over a waiting period of approximately an hour. These discrete

resistance steps were attributed to the switching of individual conducting filaments to insu-
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lating ones within the microbridge. Furthermore, the R(t) of (La0.5Pr0.5)0.625Ca0.375MnO3

microbridges have also been studied by Ward et al. [14,55] over a small temperature range

(80 - 83 K) near the metal-insulator transition temperature TMIT . However, these studies

were not focussed on the long-time relaxation of R(t); in fact, a high magnetic field (3.75

T) was applied to ensure that the sample had ferromagnetic alignment, hence suppressing

this kind of metastability. (Nevertheless, despite the fact the starting and final average re-

sistances and hence the electronic phase separated volumes are the same, “telegraph noise”

was observed. Namely, they saw frequent fluctuations in R(t), often manifesting as jumps

between a small number of resistance levels.)

In this chapter, our primary goal is to carry out systematic investigations of the field

dependence of the long-time metastability of the resistance of the LPCMO microbridges

and to contrast this behaviour with that taking place in LPCMO wide films. Since the

electronic states of manganite films are strongly affected by external perturbations such as

temperature and magnetic field, [2,4] a systematic investigation of the response of the phase

dynamics to a wide range of these parameters could reveal a deeper understanding on how

they modify R(t). Such information is important from both a scientific viewpoint as well

as for future applications where one may need to control the time relaxation of resistance

in reduced geometries of manganites. Here, we report that at certain temperatures near

the metal-insulator transition temperature, sharp jumps in the long-time relaxation of R(t)

are found in spatially confined LPCMO thin film microbridges. The sizes and directions

of these abrupt changes in resistance can be significantly controlled by the magnitude of

the applied magnetic field. These behaviours are described within a phenomenological

percolation/de-percolation model.

5.2 Experimental details

The samples used in this chapter are the same samples used in Chapter 4. In this chapter,

we shall refer to the 2 μm × 2 μm sample as the “2 μm wide” film, “2 μm microbridge”, etc.

Analogously, we use the terminology “25 μm wide” film, “25 μm microbridge”, etc. to refer

to the LPCMO film containing the 25 μm × 25 μm microbridge. The following sequence

was used to measure R(t) at a particular temperature and field: Initially the sample was

heated up to 300 K (in order to thermally “reset” the system of electronic domains), then

cooled down to 10 K in a zero field, and then raised to the temperature of interest. At the

relevant temperature, the desired magnetic field was applied and kept unchanged while the

resistance was measured as a function of time up to 3,000 seconds.

5.3 Results and discussion

In the electronically phase separated LPCMO system, it is well known that at a fixed

magnetic field the metallic phase domains within the sample grow and shrink upon cooling
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Figure 5.1: (a) Resistance vs. temperature in various external magnetic fields. Note the
abrupt changes of the resistance in the temperature range marked in yellow: as discussed in
the text, these are signatures of spatial confinement. (Bottom-right inset) The magnification
of the main figure showing the abrupt resistance changes in the confinement region. (b)
Plot of ln(R) vs. 1/T for the 2 micrometer width microbridge. The slight change in slope
may indicate the existence of TCO.
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and warming, respectively (see Chapter 2). [9, 10] As discussed in Chapter 2, the spatially

confined LPCMO films (the lateral dimension is comparable to the size of the electronic

phase domains) show abrupt resistance jumps with slight changes of the temperature or

the magnetic field because the creation or annihilation of a single percolating filament

can dominate the resistance of the entire small-sized sample. These discrete jumps hence

provide a signature that spatial confinement is occurring, and identifies the temperature

range where this phenomenon is relevant. The temperature dependence of the resistance

(R vs. T) for the 2 μm wide LPCMO film in various external magnetic fields is shown in

Fig. 5-1(a). (The sample was first field-cooled from room T to 10 K, then the R(T) data

were collected upon warming at a rate of 3 K/min.)

Note that in the remainder of the chapter, we shall refer to the non-metallic phase sim-

ply as the “insulating state” and not attempt to distinguish between the individual com-

ponents (such as PMI, COI, charge-disordered insulating (CDI)) within this state. How-

ever, for the sake of completeness, we note that in the early study of Hwang et al. [40]

the intrinsic electronic phases of (La,Pr)0.7Ca0.3MnO3 were considered to be the PMI and

FMM phases. However, later studies have shown the evidence of multiphase (FMM, CDI,

COI, PMI, etc.) coexistence in LPCMO at T<TC . [8, 11, 19, 51, 52, 56–58] In particular,

(La1−xPrx)0.7Ca0.3MnO3 with x∼0.6 is suggested to be a paramagnetic insulator (PMI) at

room temperature (∼295 K) and a portion of this phase enters into an antiferromagnetic

COI state below TCO(∼220 K). [8, 19, 51, 52, 56–59, 75] The remaining PI regions below

TCO have also been referred to as a strain-stabilizing CDI phase. In a bulk system, the

PMI to COI phase transition is accompanied by a bump/kink in the sample’s resistance

at ∼ 220 K. [8, 19, 52] However, this signature can be suppressed in thin films due to the

lattice mismatch between the LPCMO film and the STO substrate, i.e., substrate induced

strain. [41,56,60,75] (Analogous to the work in Ref. [60], a careful examination of our ln R

vs 1/T data (see Fig. 5-1(b)) does show evidence of a slight change in slope at ∼ 220 K,

consistent with the existence of TCO in our microbridge.) As the temperature of a LPCMO

sample is lowered below the TC and TMIT , FMM domains are believed to be seeding and

growing within the insulating phase background. [75] At very low temperatures, the sample

is expected to be predominantly in a single-phase ferromagnetic state.

We now return to a discussion of the data in our 2 μm microbridge. Sharp jumps

in the resistances are clearly seen below the metal-insulator transition temperature in the

temperature range 100 K and 130 K, indicating that the microbridge part of the 2 μm wide

film is spatially confined at these temperatures. As briefly mentioned in introduction of this

chapter, recall the well-known behaviour in a wide LPCMO (and also other manganite) film:

at temperatures where phase-competition is taking place, one commonly observes a smooth

time-dependent resistance with a relaxation rate of many seconds as the electronic phases

slowly evolve with time. [2, 50–52, 54] Either an increase or a decrease of the resistance

with time can take place, depending on the nature of the final stable state in the film. For
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example, in zero field or low field, the isothermal resistance can increase with time since the

high resistance (insulating) state turns out to be the ultimate stable state. On the other

hand, the resistance tends to decrease with time when a significant external magnetic field

is applied because of the preferential formation of metallic domains. [54]

As we shall discuss in more detail below, and also as reported in Ref. [13] for PCSMO

microbridges, when the LPCMO film is spatially confined, the time evolution of the re-

sistance can be very different from the wide film. Fig. 5-2 shows representative resistive

time-relaxation behaviour in the 2 μm wide microbridge within the spatially confined tem-

perature region in various magnetic fields. Unlike wide films where the width of the sample

is significantly larger than the average size of the electronic phase domains, the resistance in

the confined film shows abrupt jumps in addition to the overall change with time. The size

as well as the “direction” of the jumps depend on both the temperature and the magnetic

field.

Fig. 5-2(a) to (c) show the resistive relaxation behaviour of the 2 μm LPCMO micro-

bridge in zero field. Here, the resistance increases with time, indicating that there is an

overall conversion of the FMM regions (low resistance) within the microbridge into insu-

lating states (high resistance), the latter apparently being the long-time equilibrium state

in the absence of a magnetic field. Recall that within the microbridge, only a few perco-

lation pathways occur and these govern the behaviour of the entire sample. Therefore, it

seems reasonable to surmise that sharp upward (resistance increasing) jumps are observed

because within the microbridge, a small FMM region that transforms to insulating phase

can sometimes break (at least) one of these pathways and hence significantly increase the

resistance of the entire sample. It is notable that these jumps are mostly unidirectional:

they all occur in the up direction, suggesting a strong overall preference for the sample to

become less metallic as time increases.

The relaxation behaviour of the resistance in an external magnetic field of 1.1 T (the

highest field attainable in our apparatus) is illustrated in Fig. 5-2(g) to (i). In contrast to

H = 0 T, at these relatively high fields, the FMM phase forms preferentially. This leads

to behaviour that is opposite of that in zero field. In particular, the resistance decreases

with time, indicating an overall conversion of the insulating regions into metallic ones. As

a consequence, some of these conversions suddenly produce additional percolation paths

within the microbridge. Because of the small size of the microbridge, this newly created

percolation path(s) dominates the resistance and produces the sharp downward (resistance

decreasing) jumps that are seen on top of the overall long-time decrease of the resistance.

At this field, the jumps are again essentially unidirectional but in the down direction, in

agreement with the tendency for the sample to become more metallic with time.

The fact that low (zero) and high magnetic fields produce an overall increase and de-

crease, respectively, of the resistance implies that we should be able to find a value of the

magnetic field where the time-relaxation can be minimized. As illustrated in Fig. 5-2(d) to
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Figure 5.2: Representative time relaxation of the resistance in a 2 micrometer wide LPCMO
film at three fields 0 T, 0.4 T and 1.1 T. At each field, the data for three temperatures, i.e.,
115 K, 118 K, and 120 K, are shown.
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Figure 5.3: (a) The temperature dependence of the normalized maximum resistance jump
ΔRmax(%) in various external magnetic fields for the 2 micrometer wide LPCMO micro-
bridge and (b) for the 25 micrometer wide LPCMO sample.

(f), this indeed occurs when a field of ∼ 0.4 T is applied, producing a significant suppression

of the long-time relaxation. On the timescale of seconds, the sample continues to exhibit

sharp resistance jumps. However, these jumps are of much smaller magnitude then at H

= 0 T and 1.1 T, and furthermore both up and down resistance jumps can be observed at

certain temperatures (see Fig. 5-2(e) for example).

Note that there are variations in the sizes, numbers, and the location in time, of the

resistance jumps from one isothermal measurement to another because of the random nature

of the phase domain seeding and growth. However, the overall tendencies as illustrated in

Fig. 5-2 are maintained. Furthermore, the resistive time relaxation at temperatures outside

of the spatially confined temperature region behaves as expected for a wide LPCMO film,

i.e., it does not show abrupt resistance jumps (not shown).

In order to quantify the behaviour of the abrupt resistance jumps at a particular tem-
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Figure 5.4: (Color online) The magnetic field dependence of the normalized maximum resis-
tance jump ΔRmax(%) for the 2 micrometer and 25 micrometer wide LPCMO microbridges.
As noted in the text, the positive values of ΔRmax(%) indicate “up” jumps while negative
values indicate “down” jumps.

perature, we introduce the parameter ΔRmax(%). This parameter is defined as 100×[R(tf )-

R(ti)]/R(tf ) where R(ti) and R(tf ) are the values of the resistances at the beginning and

end of the largest abrupt resistance jump at a particular temperature (within the measured

time interval of 3000 s), respectively. Hence, ΔRmax(%) is a phenomenological parameter

useful for characterizing the “typical size” of the jumps at a fixed temperature; it provides a

a figure of merit for the “ability” of a conversion of a metallic region into insulating, or vice

versa, to create a significant change of the resistance through the microbridge (and hence

the whole sample). Note that upward and downward jumps lead to positive and negative

ΔRmax(%), respectively. Examples of this quantity are marked in Fig 5-2(a), (b), and (c).

The magnetic field and temperature dependence of ΔRmax(%) is shown in Fig. 5-3

for the 2 μm and 25 μm microbridges. As implied earlier, the abrupt resistance jumps

are only observed within the spatially confined temperature range as defined by the R(T)

measurements. It can be seen from Fig. 5-3 that the magnetic field controls the temperature

of the peak in ΔRmax(%), as well as its magnitude and sign. For example, consider the data

for the 2 μm microbridge shown in Fig. 5-3(a) as well as Fig. 5-4. The peaks in ΔRmax(%)

for 0 T and 1.1 T occur close to 115 K and 120 K, respectively. The peak in ΔRmax(%) is

positive at 0 T and monotonically decreases with an increasing field. At 0.4 T, the peak is

small and then becomes progressively more negative when the field is further increased (e.g.

0.8 T and 1.1 T). It is hence notable that the magnetic field is such a versatile parameter

for tuning not only the existence of sharp percolative jumps within a LPCMO film with
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Figure 5.5: (Color online) Illustration of phase domain volume change with time at different
constant magnetic fields in the spatially confined microbridge. The red dotted circles indi-
cate the site(s) of interest for explaining the existence of sharp resistance jumps. Note that
the phase domains are illustrated based on the experimental observations of FMM domains
in Ref. [10].

micron-sized lateral area, but also their directions and magnitudes.

We suggest the following explanations for the behaviour of the peaks of ΔRmax(%)

observed in Fig. 5-3 and Fig. 5-4: A larger magnetic field at a particular temperature

produces an increase in the overall volume of the metallic domains within the sample and

of course, a reduction of the volume of the insulating regions. Hence, the temperature

range where spatial confinement occurs, i.e., when the sizes of domains are comparable

with the width of the LPCMO wire, should become closer to the TMIT when the magnetic

field is increased since higher temperatures result in smaller sized domains. Since the

existence of abrupt resistance jumps only occurs in the spatially confined regime, i.e, where

a single conversion of a metallic region into a insulating region (or vice versa) has a strong

influence on the resistance of the whole sample, the peak in ΔRmax(%) should move to

higher temperatures as the magnetic field is increased. The magnitude of the peak in

ΔRmax(%) at a fixed temperature and field is determined by how far the starting resistance

at t = 0 is from equilibrium. The sign of the peak in ΔRmax(%) is determined by whether

the microbridge evolves into a more metallic (downward jumps in resistance and hence

negative peaks) or a more insulating (upward jumps in resistance and hence positive peaks)
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configuration. Note that at the intermediate field of ∼ 0.4 T, the magnitudes of ΔRmax(%)

are close to zero at all temperatures, as is the difference between R(∞) and R(0 s). This

indicates that the total volume fraction of the metallic and insulating domains is nearly

time-independent at this intermediate field, which seems to be close to a “critical” value.

Application of a significantly lower or higher magnetic field than this critical field results in

more dynamic behaviour: at low magnetic fields, the microbridge evolves towards a more

insulating state (growth of insulating regions at the expense of FMM ones) while in high

magnetic fields, it evolves towards a more metallic state (growth of FMM regions at the

expense of insulating ones).

A qualitative model of the time-evolution summarizing the phase volume at different

fields is shown in Fig. 5-5. A joining or disjoining of metallic (FMM) domains induces the

sharp resistance jump (indicated by the red dotted circles in the illustration) superimposed

on the R(t) due to the long-time evolution of the phase fractions. [9,10,53] In particular, (1)

at low (or zero) magnetic fields, FMM domains can disjoin as the FMM volume decreases.

This can destroy a percolation path(s) within the microbridge, creating the “up” jumps of

the resistance superimposed upon an overall increase of the R(t). (2) At high magnetic

fields, there is an overall growth of the volume of the FMM domains with time. This

can create a percolation path(s) within the microbridge, resulting in “down” jumps of the

resistance superimposed upon an overall decrease of the R(t). (3) At a certain magnetic

field (∼0.4 T in our sample), the long-time resistance relaxation as well as the sharp jumps

are suppressed because the average FMM and insulating volumes are time-independent.

Experimentally, our field of 0.4 T is not exactly at this critical field, and hence some long-

time relaxation as well as a combination of “up” and “down” sharp jumps are observed in

R(t).

By contrast to the behaviour described above for the 2 μm wide microbridge, the 25

μm wide bridge shows only relatively weak ΔRmax(%) within the field range studied (see

Fig. 3(b)). This sample is approaching the non-confined limit (behaves as a “wide” sample)

at all temperatures and magnetic fields, where many percolating paths contribute to the

behaviour of the resistance.

Finally, we note that in addition to the sporadic resistance jumps that we have described

in this chapter, the frequent jumps in R(t) analogous to those observed in Ref. [14, 55] are

sometimes also seen. These “telegraph noise” patterns can vary significantly from one

measurement to another. They are beyond the scope of the present studies, but it may be

interesting to investigate them over a wide range of magnetic fields and temperatures in

the future. Furthermore, since it is known that the (La1−xPrx)1−yCayMnO3 series shows

a rich electronic/magnetic phase diagram, [8,58,59] modification of the cation/hole doping

concentration could be another avenue of investigating the metastability of the different

coexisting phases in LPCMO microbridges.
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5.4 Conclusions

In conclusion, we have investigated the temperature and magnetic field dependence of the

long-time resistive metastability in spatially confined La0.3Pr0.4Ca0.3MnO3 thin films. It is

found that the sharp resistance jumps during time relaxation measurements occur in the

temperature range where the sizes of the competing electronic phase domains are compara-

ble to the lateral dimension(s) of the LPCMO film, such as in the 2 μm × 2 μm microbridge.

These jumps can be tuned by the magnetic field: At low magnetic fields, the sharp jumps

can be large and increase the resistance of the sample. At high magnetic fields (∼ 1 T),

the sharp jumps can also be large but decrease the resistance of the sample. An intermedi-

ate field (∼ 0.4 T) exists where almost no resistance jumps occur. A qualitative model is

introduced to explain these results. Such information is useful for improving the scientific

understanding of the metastability of a spatially confined manganite system over a broad

range of external magnetic field and temperature, and may also have ramifications for single

domain phase engineering for applications.
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Chapter 6

Low Field Colossal Anisotropic
Magnetoresistance in Spatially
Confined Electronically Phase
Separated LPCMO Microbridges

6.1 Introduction

The anisotropic magnetoresistance (AMR), i.e., the values of the resistance that depend on

the direction of the magnetic field with respect to either the current direction or the crystal

axes, is an important property for various applications, such as sensors of magnetic field

directions. In these applications, having a high value of the AMR improves the detector’s

sensitivity and the corresponding read times, etc. [61–63] The magnitudes of the AMR in

some manganites are significantly larger than the values of ∼ 5 % to ∼ 20 % in ferromagnetic

3d alloys [64] that are commonly used in present sensor technologies, and can be as high

as ∼ 40 % and ∼ 200 % for in- and out-of-plane configurations, respectively. [17, 18, 65]

Furthermore, unlike the 3d alloys, the AMR in many manganites varies significantly with

temperature and has a peak near the metal-insulator transition temperature TMIT . [63,66–

69] Although, the mechanism of the AMR in these electronically phase separated (EPS)

manganites is still an ongoing topic of discussion, mechanisms such as the spin-orbit and

magneto-elastic couplings have been suggested to be important for explaining its existence.

[67, 70, 71]

A possible method of dramatically modifying the AMR in a manganite is to fabricate

a system which is dominated by the anisotropic volume growth of the metallic domains

under an applied magnetic field H. The orientation of H can then be used to sensitively

change the nature of the percolation, and hence lead to highly field-direction-dependent

resistivities. A potentially excellent experimental realization of such a system is a spatially

confined thin film of manganite whose lateral dimensions are made comparable to the sizes

of the metallic and insulating domains within the sample.
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Recent investigations [47,65] have shown that the AMR in LPCMO microbridges behave

differently from wide films of LPCMO. In Ref. [47], Alagoz et al. reported sharp jumps in

the resistivity (and hence AMR) during the isothermal in-plane rotation of H in a narrow

temperature range below the TMIT of La0.3Pr0.4Ca0.3MnO3 microbridge. The observation

by Chen et al. [65] of a “giant” enhancement of the in-plane AMR, i.e., the difference

in the resistivities when the field is applied in the film’s plane in directions parallel and

perpendicular to the current direction, in a La0.325Pr0.3Ca0.375MnO3 stripe of micrometer

width is of particular relevance to our present work. They observed a low-temperature

in-plane giant AMR peak with a magnitude close to 40 %. The result was explained with a

phenomenological model where the AMR at lower temperature is due to the metallic domain

elongation along the external magnetic field direction. The enhancement of the AMR in

this dimensionally reduced system compared to a wide film is certainly noteworthy, but

we suggest that a much more prominent enhancement of the AMR should be possible in

a truly spatially confined EPS system. For example, no sharp jumps in the temperature

dependence of the resistance are seen in their samples; the lack of this signature suggests

that their stripes are barely in the spatially confined limit, and therefore do not experience

the full benefit of anisotropic domain percolation.

In this chapter, we report the generation of “colossal” anisotropic magnetoresistance (C-

AMR) in La0.3Pr0.4Ca0.3MnO3 wires of a few micrometers in width and which are clearly

narrow enough to trap a small number of metallic and insulating domains. These micro-

bridges can exhibit an in-plane AMR that is as high as about 16,000 %, i.e., several orders

of magnitude larger than any previously reported in-plane AMR in manganite films. No-

tably, the enhancement of the in-plane AMR occurs at low magnetic fields, a regime that

is of particular interest for applications. The origin of the C-AMR is discussed within a

phenomenological anisotropic domain growth model.

6.2 Experimental details

La0.3Pr0.4Ca0.3MnO3 films of thickness 45 nm were deposited on SrTiO3 substrates by off-

axis direct current (d.c.) magnetron sputtering. The deposition was carried out at 750oC

in an oxygen-argon mixture, with O2 and Ar pressures of 100 mTorr and 20 mTorr, respec-

tively. The detailed film synthesis process can be found in Chapter 3. X-ray diffraction

(XRD) measurements carried out on the LPCMO/STO films confirmed that they are epi-

taxial, single phased, and subjected to tensile strain. The films were then patterned using

photo-lithography and chemical wet-etching. A chemical solution of HCl + H2O + KI was

used for the wet-etching at a rate of ∼ 0.64 nm/s. In the temperature dependent resistance

(R(T)) measurements, the sample was cooled from room T with a rate of 3 K/min. Home-

made LABVIEW drivers were used for the data acquisition and system control. In order

to directly compare between the “wide” and “spatially confined” configurations, both types

of resistances were measured on a single film. The “wide film” resistance was measured be-
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tween the two Ag electrodes marked I+ and V+, while the “spatially confined” resistance

was measured for the microbridge using the four Ag electrodes I+, V+, I- and V- (see the

Fig. 6-1(a)). A Keithley 6221 DC/AC current source and Keithley 2182A nanovoltmeter

were used in these measurements.

6.3 Results and discussion

We first note that we fabricated a number of confined microbridges with different geometries

(straight and zig-zag) and lengths. They could be grouped into two categories but without

a clear correlation with the shape of the system: (a) microbridges whose R(T) displays large

sharp percolation jumps just below TMIT ; (b) microbridges whose R(T) displays percolation

jumps which are two or three orders of magnitude smaller than the former ones. It is found

that microbridges from the first category can consistently manifest C-AMR. Hence, we will

start by presenting the C-AMR properties of a notable member from this group.

Fig. 6-1(a) shows the schematic diagram and the microscope images of the microbridge

part of the primary samples discussed in this chapter. The main part of Fig. 6-1(b) presents

R(T) at H = 0.2 T for the wide part (2 mm width) and the spatially confined (microbridge)

part of the same film. The magnetic field was applied in the film’s (x-y) plane with an angle

θ = 0◦ and 90◦, where the angle θ is defined in Fig. 6-1(a). The microbridge has a width

of 2 μm and a total length of 56 μm with sections along the x and y axes as indicated in

Fig. 6-1(a).

The different results between the wide and confined parts of the sample, shown for 0.2 T,

are clearly apparent in Fig. 6-1(b): (1) The microbridge part shows abrupt resistance jumps

below the TMIT whereas the wide part presented a conventional metal-insulator transition

curve. As discussed in more detail elsewhere (also in previous chapters), [42, 72] the sharp

jumps in R(T) in the microbridge signify that the sample is in a temperature region where

the size of the EPS is comparable to the width of the bridge and only a small number of

domains are controlling its resistance. Here, as the microbridge’s temperature decreases, the

volume fraction of COI domains decreases while FMM domains continually grow. When the

FMM domains, which are separated by the COI domains, percolate with other neighboring

FMM domains, the resistance abruptly decreases. (2) Notably, in the microbridge, the

temperatures of the abrupt jumps are strongly dependent on the direction of the magnetic

field, i.e., θ. For instance, the largest drop in the resistance occurs at 103.5 K for θ = 90◦

compared to 95 K for θ = 0◦. Consequently, in the microbridge, there is a gigantic AMR in

the temperature interval sandwiched by the θ = 0◦ and θ = 90◦ primary drop temperatures.

(Although features such as the sharp jumps, etc. occur at slightly different temperatures

due to the random nature of the domain seeding [14,55] within the microbridge, the results

on the AMR are generally reproducible if the measurements are repeated within the same

sample.) The wide part of the film does not exhibit such behaviour since the resistances in

different field directions are very similar and therefore its AMR remains relatively small at
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Figure 6.1: (a) Schematic diagram of the microbridge and its optical microscope images.
(b) Temperature dependence of the resistance measured separately for the wide part of the
sample and the zig-zag microbridge. The resistance was measured in 0.2 T for both 0 degree
and 90 degree orientations of the magnetic field.
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Figure 6.2: Temperature dependence of the in-plane AMR at H = 0.2 T, applied at 0 degree
and 90 degree, for the zig-zag microbridge. Note that very high values of about 16,000 %
are reached. The AMR measured for the wide part of the film is very small (∼ 20 %)
compared to that of the microbridge.

all temperature range.

In order to quantify the anisotropy in the resistance, we define the in-plane AMR as

AMR =
(R‖ −R⊥)

R⊥
× 100% (6.1)

where R‖ and R⊥ are the resistances for θ = 0◦ and θ = 90◦, respectively. The temper-

ature dependence of AMR at H = 0.2 T is shown in Fig. 6-2. The maximum magnitude of

the AMR of the wide part of the film is only about ∼ 20 % and occurs close to its TMIT ,

similar to that conventionally seen in other manganites. [63, 66–69, 73] In contrast to the

AMR behaviour (single peak near the TMIT ) in the wide part of the film, the AMR in

the microbridge is double peaked: one peak occurs close to the TMIT with a magnitude

of ∼ 10% (not seen in Fig. 6-2 because of the scale) while the other peak has an extraor-

dinary value of ∼ 16,000 %. This “colossal” value of the AMR occurs in the temperature

region where the abrupt jumps occur in Fig. 6-1 and is remarkably higher compared to any

reported in-plane AMR values in manganite films (magnitudes less than ∼ 40 %).

We emphasize that the C-AMR is unique to the spatially confined geometry where only

a few domains are trapped. Our results imply that within this particular microbridge, the

metallic domains are anisotropic in shape and are preferentially elongated [74,75] along (or

in the vicinity of) the x direction. Upon cooling, as the elongated domains grow in size,

this leads to the appearance of percolation at higher temperatures for θ = 90◦ (H along

the x direction) compared to θ = 0◦ (H along the y direction) and the resultant abrupt
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Figure 6.3: Temperature dependence of the resistance measured for various orientations
(angle) of the magnetic field for (a) the zig-zag microbridge, (b) a 2 by 10 microbridge,
and (c) a 2 by 2 microbridge. The insets show the temperature at which the maximum
resistance jumps occur, TJ , plotted as a function of the angle. Note that the resistance
jumps occur at two different temperature regions for the zig-zag microbridge but is less
clear in the straight-line microbridges.
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drop in the resistance occurs at higher temperatures in the former. As a consequence,

there is a temperature interval where colossal AMR exists. At lower temperatures where

the metallic volume fraction is large and dominates the resistance of the microbridge, the

role of the anisotropy in the percolation diminishes and the AMR due to this mechanism

diminishes since the resistances at θ = 0◦ and θ = 90◦ become similar. Hence, the much

smaller observed values of the AMR at temperatures outside of the percolation regime are

attributed to an intrinsic mechanism such as the spin-orbit interaction. [67, 73, 76]

Further insight into the creation of C-AMR was obtained by carrying out measurements

of R(T) in a field of 0.2 T for angles θ between 0◦ and 90◦ (see Fig. 6-3(a)). As shown in

Fig. 6-3(a), for each value of θ studied, there exists a particularly large abrupt jump in the

resistance at a temperature which we will label as TJ . Interestingly, the values of TJ can

be grouped into two distinct temperature regions for the zig-zag bridge (yellow rectangles

in Fig. 6-3(a) and the inset). For angles below 40◦, TJ is between 92.5 K and 95.0 K

whereas for angles between 45◦ and 90◦, TJ has a value between 102.5 K and 104.0 K. The

measurements performed on straight microbridges, such as a 2 μm × 10 μm microbridge

(Fig. 6-3(b)) that also displays C-AMR but with peak values of only ∼ 3,700% instead

of ∼ 16,000 %, revealed separation of TJ values but are not as clearly grouped as in the

zig-zag bridge. Finally, the microbridges that show small jumps in R vs T and no C-AMR,

for example the 2 μm × 2 μm microbridge shown in Fig. 6-3(c), do not display a clear

separation in TJ . These results imply that the magnitude of the C-AMR is correlated with

the existence of a large separation of the TJ values. This large separation could be caused

by the domains which are “trapped”/“pinned” in certain directions; the ones that follow

the domain growth preferred direction and the other ones that are perpendicular to the

domain growth preferred direction. For magnetic fields that are applied in directions that

are along, or in the vicinity to, one of these “special” orientations, the resultant R(T) are

very similar.

At this point, it may be tempting to associate the existence of the preferred domain

growth directions with the geometry of the microbridge. For example, a zig-zag micro-

bridge is longer and possesses more edges and corners than a straight microbridge and

these differing configurations may be responsible for the special directions. However, we

have found that microbridges with the same geometries grown on nominally identical STO

substrates display considerable variance in the size of the percolation jumps and hence the

C-AMR. Hence, although the geometry of the microbridge may certainly play some role in

controlling the C-AMR, it is not the major factor. Instead, we suggest that the observed be-

haviour may be caused by the following factors: (a) The structural phase transition intrinsic

to the STO substrate. Twin boundaries are formed in STO during its cubic-to-tetragonal

structural phase transition near 105 K. [77] These defects introduce non-uniform deforma-

tions into the LPCMO microbridge that may enhance the field-dependent anisotropy in

R(T) and the AMR. [78, 79] (b) A non-uniform distribution of micro-strains that create
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“trapping”/“pinning” of FMM domains in certain orientations. [42] The non-uniformity of

the strain could be produced by a non-uniform oxygen distribution on the surface of the

STO substrate. This in fact, has been shown to occur during thin film deposition at high

temperatures. [80, 81] SEM/EDS analysis of the surface of our STO substrates before and

after thin film deposition confirmed that the oxygen distribution in the STO substrates

becomes more inhomogeneous after the film deposition. The details of the thin film growth

process, which could lead to a non-uniform distribution of micro-strains, are likely to be

important in determining the strength of these unique transport properties. Such factors

may also be responsible for the differences observed in Ref. [65] (bridge width 1.5 μm) and

in our studies (bridge width 2 μm).

Finally, we detail how the C-AMR can be tuned by the magnetic field strength by

presenting the magneto-transport properties of the zig-zag microbridge for H up to 1.1 T.

Typical R(T) curves for θ = 0◦ and θ = 90◦ and several H are shown in Fig. 6-4(a).

These data enable us to monitor the temperature TJ (at which the largest abrupt jump in

R(T) takes place) as well as the size of the jump at this temperature. Several features are

notable: (1) As shown in Fig. 6-4(b), there is a peak in AMRMAX , the maximum value of

the in-plane AMR(T) for a particular field, at a relatively low magnetic field of ∼ 0.2 T.

This peak value of AMRMAX is ∼ 16,000 %. If the magnetic field is increased beyond 0.2 T,

AMRMAX declines with increasing field, concomitant with the overall suppression of the size

of the resistance jump at TJ . It should be emphasized, however, that the AMR at magnetic

fields away from HMAX are still much larger than those reported in other manganites. (For

example, the AMRMAX ∼ 3,800 % and ∼ 3,000 % at 0.1 T and 1.1 T, respectively.) (2)

The temperature TJ for both θ = 0◦ and θ = 90◦ increases with increasing H (along with

the TMIT ), as shown in the inset of Fig. 6-4(c). The difference ΔT = TJ(90
◦)− TJ(0

◦)
shown in Fig. 6-4(c) is therefore the temperature range where the percolation enhanced

AMR is expected to occur. Both ΔT and AMRMAX occur at approximately the same

field (i.e. ∼ 0.2 T). At a particular temperature, one expects the fractional volume of the

metallic domains within the microbridge to increase with magnetic field. The decrease of

both ΔT and AMRMAX in high fields may reflect the progressively reduced influence of a

single domain percolation event on the resistance because the electronic phase separation

is no longer comparable to the lateral size of the microbridge.

6.4 Conclusion

In conclusion, colossal low field (∼ 0.2 T) in-plane anisotropic magnetoresistance (C-AMR)

greater than 16,000 % can be created in spatially confined LPCMO films.

Here, we would like to emphasize that the C-AMR found in this sample (∼ 16,000 %) is

remarkably greater by many orders of magnitude compared to any reported in-plane AMR

values in standard manganite films (20 % ∼ 40 %) or in ferromagnetic 3d alloys (5 % ∼ 20

%). Having a high value of the AMR is especially important for improving the detector’s
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sensitivity and the corresponding read times, etc. [61–63]

We believed the C-AMR in the spatially confined LPCMO thin film is caused by

anisotropic domains growth process upon cooling the sample. This study may be propaedeu-

tic to a way of enhancing the anisotropic magneto-transport properties in manganite systems

and may be relevant for next generation sensor and switching applications.
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Chapter 7

Current Dependence of Colossal
Anisotropic Magnetoresistance in
LPCMO Microbridges

7.1 Introduction

In the previous chapter (Chapter 6), we have reported the observation of “colossal” anisotropic

magnetoresistance (C-AMR) in La0.3Pr0.4Ca0.3MnO3 microbridges at low magnetic fields (∼
0.2 T). The resistance in these confined systems can be strongly dependent on the direction

of the magnetic field, showing an in-plane AMR that is as high as ∼ 16,000 %, i.e., several

orders of magnitude larger than any values previously reported in manganite films, and

was attributed to the existence of anisotropic percolation within the microbridge. These ef-

fects are much larger than those due to the spin-orbit interaction which causes conventional

AMR.

The study in this chapter is motivated by the knowledge that applying an electric cur-

rent to the manganite can significantly change the nature of the percolation within the

sample. In particular, a number of studies have shown that a percolation channel of the

metallic domains can be created by applying a sufficiently large electric current in certain

EPS manganite films. [14,82–86] For example, Ward et al. [14] reported that increasing the

current in a confined (La1/2Pr1/2)5/8Ca3/8MnO3 wire changes a single domain’s preferred

state from insulating to metallic while Tokubo et al. [82] presented evidence that an elec-

tric current stabilizes the metallic state in a thin film of Pr1−x(Ca1−ySry)xMnO3 (x=0.45,

y=0.25). Given the sensitivity of the EPS state and hence the percolation properties to the

bias current, one may expect that the current can significantly modify the C-AMR within

a spatially confined LPCMO microbridge; however, the extent of such a manipulation has

thus far not been reported.

In this chapter, as an extension of Chapter 6, we report attempts to control the magni-

tude of the colossal in-plane anisotropic magnetoresistance by varying the bias d.c. current

in spatially confined thin films of La0.3Pr0.4Ca0.3MnO3. Dramatic increases of the in-plane
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C-AMR magnitudes are observed by reducing the bias current. For example, one of our

samples exhibited a variation in the C-AMR from ∼ 900 % to over ∼ 24,000 % as the current

is decreased from 1 μA to 10 nA (at low magnetic fields). These studies demonstrate that

the d.c. bias current can be a method to artificially tune, via changes to the percolation,

the in-plane C-AMR in spatially confined LPCMO systems over a wide range of values.

7.2 Results and discussion

Fig. 7-1(a) and (c) show the resistance vs temperature profiles at different bias currents

in the spatially confined LPCMO microbridge of 56 μm length at H = 0.2 T and 1.1 T,

respectively, for the magnetic field applied in the direction θ = 0◦ (see Fig. 6-1 for the

definition of θ). Note that the samples used in this chapter are the same samples studied in

Chapter 6 and have been described in detail there. This sample shows the largest C-AMR

among all the samples that were studied. Note that only the temperature range (which

is below the metal-to-insulator transition temperature) where signatures due to spatial

confinement exist, i.e., sharp jumps in resistance, is shown in the figure. It turns out that

this is also the temperature regime where there are particularly noticeable changes in the R

vs T profiles due to the magnitude of the bias current. In this temperature regime, the sharp

jumps in resistance are strongly dependent on the applied bias current, whereas either very

weak or no clear current dependence is found outside this temperature region, i.e., T < 85

K or T > 125 K. At low bias currents, the sample has a tendency to show sharp resistance

jumps with large magnitudes while the sharpness and the magnitude of the jumps are more

likely to be suppressed at high currents. Similar features are also observed when the field

orientation is at θ = 90◦ (see Fig. 7-1(b) and (d)). However, due to the anisotropy of the

domain percolation in the confined part of the sample, the main jumps in the resistance

occur at higher temperatures compared to those at θ = 0◦, which leads to the existence of

the C-AMR (see Chapter 6).

The effect of the bias current on the C-AMR is shown in Fig. 7-2 where the C-AMR is

defined as [(R‖ −R⊥)/R⊥]× 100% where R‖ and R⊥ are the resistances for magnetic field

applied along θ = 0◦ and θ = 90◦ respectively. For both H = 0.2 and 1.1 T, there is a general

tendency for the maximum C-AMR magnitude to decrease as bias current increases, with

the changes being more systematic at the higher magnetic field. (From previous studies of

the magnetic field dependence of the C-AMR in this sample (Chapter 6) it was found that

the largest AMR at a fixed bias current of 100 nA occurs at ∼ 0.2 T.) Furthermore, note

that the temperature range of the C-AMR moves toward higher temperature at greater bias

current.

The maximum value of the C-AMR vs. bias current at H = 0.2 T and 1.1 T is plotted in

Fig. 7-3. As noted above, a dramatic increase of the C-AMR is found when the bias current

is decreased. In fact, in this sample, the current can be used to adjust the C-AMRMAX by

nearly an order of magnitude: from a remarkably large value of ∼ 24,000 % at 10 nA for H
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Figure 7.1: Temperature dependence of resistance at different applied d.c. currents upon
application of the external magnetic field of (a) 0.2 T at 0 degree, (b) 0.2 T at 90 degree,
(c) 1.1 T at 0 degree, and (d) 1.1 T at 90 degree in the microbridge of 56 micrometer length
(2 micrometer width).
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Figure 7.2: Temperature- and applied d.c. current-dependence of the in-plane C-AMR at
(a) H = 0.2 T and (b) H = 1.1 T, respectively, in the microbridge of 56 micrometer length
(2 micrometer width).
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Figure 7.3: Applied d.c. current dependence of the maximum AMR magnitude at 0.2 T
and 1.1 T, respectively.

= 0.2 T (which is ∼ 50 % higher than our previous C-AMRMAX of ∼ 16,000 % reported

in Chapter 6 for 100 nA) to ∼ 900 % at 1 μA. Furthermore, there is a large difference in

C-AMRMAX between 0.2 T and 1.1 T at low currents, but this difference is much smaller

at high currents.

We now discuss the mechanisms for the above results. It was suggested in previous

chapters that C-AMR exists, at a particular (magnitude of) magnetic field and bias current,

because the metallic domains are anisotropic in shape and are preferentially elongated along

the x-direction compared to the y-direction (for reasons that are still being investigated,

also see Chapter 6). Upon cooling the sample, the elongated domains grow in size but

percolation occurs at higher temperatures for θ = 90◦ (magnetic field along the y direction)

compared to θ = 0◦ (magnetic field along the x direction) and the resultant abrupt drop in

the resistance occurs at higher temperatures in the former. Hence, there is a temperature

interval where colossal AMR exists. As discussed in the previous chapter, at a fixed bias

current, the decrease of the C-AMRMAX at high magnetic fields compared to the low fields

(see Fig. 7-2 and Fig. 7-3) may reflect the progressively reduced influence of a single

domain percolation event on the resistance because the electronic phase separation is no

longer comparable to the lateral size of the microbridge.

Turning to our present results regarding the dependence of the C-AMR on the bias cur-

rent, it appears that when a higher current is applied to our sample within the confinement

temperature region, the system prefers to be in a more metallic configuration. For example,

the resistance level at temperatures slightly above the onset of the jumps (see Fig. 7-1)

tends to decrease with increasing the bias current. Also, we have observed that at a fixed
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Figure 7.4: Applied d.c. current dependence of the maximum AMR magnitude at 0.2 T for
different bridge lengths.

temperature within the confinement regime, increasing the current often produces sudden

decreases in the resistance (not shown), i.e., into a more metallic state. The increase of the

volume fraction of the metallic phase with increasing current also produces more percolation

paths through the confined part of the sample as the electronic phase separation becomes

no longer comparable to the size of the microbridge (analogous to the effect of increasing

the magnetic field). This effect decreases the magnitude of the (largest) percolation jumps

in the R vs T profile and consequently the C-AMR (see Fig. 7-2 and Fig. 7-3). As seen in

Fig. 7-3, the difference between the C-AMRMAX at 0.2 T and 1.1 T is significantly larger

at low bias currents compared to high currents. At the higher values of the injected cur-

rents, the creation of “many” conduction paths implies that the shape anisotropy induced

by the direction of the magnetic field becomes comparatively much less influential. Note

that the increase in metallicity with the bias current also produces a general tendency for

the temperature of the largest resistance percolation jump to increase with the current (see

Fig. 7-1). Hence, it is reasonable to find an accompanying increase in the temperature

range of the C-AMR toward higher temperature with greater bias current (see Fig. 7-2).

Incidentally, we suggest that, as proposed by Refs. [22,82], the injected current enhances

the metallic state within the system because it favors ferromagnetism through the double

exchange interaction. Note that the Joule heating effect is deemed to be a less likely

mechanism since the shift of the jump temperature is opposite to what is expected from the

heating effect of the current. i.e., In our microbridge, the metallic phase is less favorable at

higher temperatures and therefore, one would expect that the larger bias current induces the

jump transition at lower temperature if Joule heating was the cause of the shift. [82,86–88]
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Finally, we have checked that the observed bias current dependence of the C-AMR is a

general phenomenon in other confined LPCMO films. Consider, in particular, the 10 μm

bridge which happens to exhibit significant low field C-AMR. As shown in Fig. 7-4, the

low-field C-AMR increases strongly with decreasing current, qualitatively analogous to the

behaviour shown by the 56 μm bridge. On the other hand, the 4 and 2 μm bridges were

samples that did not exhibit any low field C-AMR; this quantity remains small for all values

of the bias current.

7.3 Conclusion

In conclusion, the magnitude of the colossal in-plane anisotropic magnetoresistance in spa-

tially confined LPCMO thin films can be dramatically modified by using the bias d.c. cur-

rent to change the percolation within the sample. As an example, the low field anisotropic

magnetoresistance value was changed from ∼ 900 % to over ∼ 24,000 % as the current

is decreased from 1 μA to 10 nA. These studies demonstrate that the d.c. bias current

can be a useful method for adjusting the colossal anisotropic magnetoresistance in spatially

confined LPCMO systems over a wide range of values.
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Chapter 8

Electron Beam Induced TMR-like
Behaviour in Spatially Confined
LPCMO-LAO Thin Films

8.1 Introduction

Spin electronics (spintronics) is based on the engineering of the intrinsic spin of the electron

via magnetic moment of the materials. The giant magnetoresistance (GMR) device, which is

used as the spin valve of hard disk drive read heads, is one of the most successful applications

of the spin-tunneling based techniques. [62,89,90] The magnetic tunneling junction (MTJ)

or tunneling magnetoresistance (TMR) devices, which are fabricated by multiple layers of

ferromagnetic metals that are separated by thin insulating layers, are a candidate for next

generation spin based application. A typical structure of TMR device is shown in Fig.

8-1(a); the ferromagnetic metals (Co and CoFe) are seperated by a thin insulating layer

(Al2O3). Since TMR has more sensitive switching field and higher magnitude of MR than

GMR devices, the applications based on TMR are expected to perform faster and consume

less energy. [62, 64, 91] The TMR between two ferromagnetic layers i = 1, 2 separated by a

thin insulating layer depends on the relative orientation of the magnetization and the spin

polarization Pi = 2ai − 1 where ai is the fraction of majority-spin-electrons in the density

of states of layer i. Then, the TMR is expressed by [92,93]

TMR =
ΔR

R
=

R↑↓ −R↑↑
R↑↑

=
2PiPj

1− PiPj
(8.1)

where R↑↓ and R↑↑ are the resistance for antiparallel and parallel magnetization ori-

entation between two magnetic materials, respectively. Fig. 8-1(b) shows a typical TMR

behaviour (resistance change vs. field) in the CoFe/Al2O3/Co magnetic tunnel junction. [92]

One can notably see the change in the resistance level depending on the relative orientation

of the magnetization in the metallic layers (the arrows in Fig. 8-1(b) indicate the relative

magnetization orientation of the FMM layers).
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Figure 8.1: (a) A schematic diagram of a typical TMR device. (b) The resistance change
vs. magnetic field in the CoFe/Al2O3/Co junction at room temperature. The arrows in the
figure indicate the relative magnetization orientation of the CoFe and Co layers. [92]

In some manganites it is believed that the spin polarization is close to unity (P ∼ 1),

implying that there is one completely empty spin-split band.

The divalent doped manganite of La1−xDixMnO3 with Di = Ca, Sr, and Ba (especially

with x ∼ 0.3) is of great interest for TMR device applications since many of the devices using

these materials exhibit large TMR values (few hundreds percents) due to their half-metallic

nature (according to the given definition of TMR, the magnitude can be infinite for half

metals (P = 1)). [4, 93–100] For example, Ishii et al. have found a TMR value of ∼ 230 %

at 10 K in La0.7Sr0.3MnO3 (top: 70 unit cells) - LaAlO3 (1nm) - La0.7Sr0.3MnO3 (bottom:

170 unit cells) where the spin polarization is ∼ 70 %. [100] Philipp et al. observed TMR

value of about 300 % at 4.2 K in a La2/3Ca1/3MnO3 - grain boundary - La2/3Ca1/3MnO3

device where the polarization is estimated to be about 77 %. [93] In order to achieve low-

field induced MR behaviour, it is necessary to fabricate multi-layered structures of these

materials (as shown in the above examples where TMR effects occurred at H < 1 T).

However, the process of fabricating a multi-layered manganite is not trivial since a dead

layer may intrinsically exist between films’ boundaries. [101]

To avoid this difficulty, researchers have also attempted to produce the TMR devices

from single layered film with grain boundaries and the results were successful. [93, 97–99]

In recent studies, Singh-Bhalla et al. reported intriguing results that intrinsic TMR is seen

in spatially confined LPCMO thin film grown on an NdGaO3 (011) substrate. [11, 102]

Their results show about 10 % of TMR that is smaller than the few hundreds percents of

multi-layered or grain boundary manganites. Although the magnitude is small, it is notable
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that TMR can be produced by neighbouring FMM phase domains with thin insulating COI

between them. This implies the feasibility of TMR devices by manipulating intrinsic phase

domains of EPS manganites. Pr doped La-Ca-Mn-O system has a special advantage for

phase domain engineering. As noted in the previous parts of this thesis (e.g. see Chapter

2) the system possesses large-scale (∼ μm) intrinsic electronic phase domains [8,10,11] and

one can conveniently fabricate systems in which the lateral dimensions are similar to the

intrinsic domains by conventional photo-lithography techniques. [11,12,38,43,47–49] In such

a spatially confined system, the changes of the status of a small number of phase domains

significantly affects the system’s transport properties (as discussed in previous chapters of

this thesis). However, due to the random nature of the domain seeding process, artificial

manipulation of individual domains within the system can be challenging.

In this chapter, we attempt to artificially manipulate the intrinsic electronic phase do-

mains by using local electron beam scanning. Interestingly, we could create TMR values of

∼ 300 % in an e-beam scanned La0.3Pr0.4Ca0.3MnO3 (LPCMO) microbridge. We believe

the electron beam scanning creates a partially ’bad’ metallic phase which acts as an insulat-

ing barrier between adjacent large-scale metallic phase domains. From the investigations,

the effective insulating-potential barrier height is found to be ∼ 300 mV since the TMR

effect disappears above this bias limit.

8.2 Experimental details

For the study, La0.3Pr0.4Ca0.3MnO3 (LPCMO) thin films with spatial confinement (2 μm

width) are used. Thin films of LPCMO are deposited on LaAlO3 substrates by using off-axis

d.c. magnetron sputtering techniques. Note that thin films on LAO substrates induce com-

pressive strain between the substrate and LPCMO film. [45, 103, 104] The films are grown

in an oxygen-Ar mixture (100 mTorr for oxygen, 20 mTorr for Ar, respectively) at a tem-

perature of 750◦C. Then, this was followed by an annealing at 650◦C for 3 hours in a pure

oxygen filled chamber at atmospheric pressure. When the films are prepared, conventional

photo-lithography and chemical wet etching techniques are used to fabricate micrometer-

wide bridges in order to achieve spatial confinement (see detailed process in Chapter 3).

Ag electrodes are deposited on top of the samples. Then the transport measurements are

achieved by using the 4-pt probe method. The measurement system consists of AC/DC cur-

rent sources (Keithley 6221), nanovoltmeters (Keithley 2182A), and sourcemeters (Keithley

2410). All the measurements are monitored and controlled by home-built LabView drivers.

The electron beam scanning was achieved by using a commercial scanning electron beam

microscopy (SEM) device (Tescan Vega-3 SEM with EDX). The beam width of the electron

beam was ∼ 70 nm at an acceleration voltage of 20 kV.
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8.3 Results and discussion

The effect of e-beam scanning is shown in Fig. 8-2(a)-(c). From comparison of the SEM

images before and after e-beam scanning, carbon contamination was observed after e-beam

scanning (dark line in the middle of the bridge, Fig. 8-2(b)). The AFM image of the

sample after the e-beam scanning shows that the sample was not physically damaged by

the e-beam but the existence of carbon contamination was confirmed (spikes on the sample).

The carbon contamination is unavoidable unless the chamber is perfectly vacuumed. We

believe the carbon contamination does not affect the transport properties of the manganite

(acts as insulating powders on top of the sample).

The temperature dependences of the resistance (R vs. T) are shown in Fig. 8-3(b) for

different states of the sample. The as-grown sample shows insulating behaviour at low tem-

perature caused by a deficiency of oxygen in the LPCMO system. In order to have a system

with more optimum oxygen distribution [105], the sample was annealed in the air at 750◦C
for 3 hours. Then, conventional R vs. T behaviour is achieved with a metal-to-insulator

phase transition at ∼ 128 K. Note that this sample did not show percolation induced resis-

tance jumps, a general sign of spatial confinement, after the post-annealing process. The

observation that this sample shows ’wide’ LPCMO film-like behaviour indicates the effective

size of the electronic phase separation could be in the sub-micrometer range (smaller than

2 μm).

Now, in an attempt to produce artificial domain separation within the system, an elec-

tron beam was scanned across the bridge, as schematically shown in Fig. 8-3(a). For the

scanning, the acceleration voltage of the electron beam was fixed at 20 kV with beam width

of ∼ 70 nm. Interestingly, after the electron beam scanning, a noticeable change in the

transport was detected in the temperature dependence of the resistance profile. As shown

in Fig. 8-3(b), a small shift of the TMIT (from 128 K to 124 K) and percolative resistance

jumps are detected after the e-beam scanning. This effect could be caused by a disturbance

of the metallic domain configuration due to the e-beam. When the e-beam scans across

the LPCMO microbridge, the electrons could cause dislocation of oxygen. Recall that the

Mn - O - Mn bond angle is critical for the conductance of manganite, e.g., by the dou-

ble exchange interaction where the hopping amplitude is proportional to the bond angle,

i.e., tij ∝ cos(θij/2) (see Chapter 2). Therefore, the dislocation (wider bond angle) of O

causes a ’bad’ metallic region in the system at temperatures below the TMIT . However,

this ’bad’ metallic behaviour seems to occur only within the temperature range where small

resistance jumps are occurring (this will be discussed later in this chapter). Outside of

the temperature range where resistance jumps occur, the temperature dependent transport

shows similar behaviour as before e-beam scanning.

The most notable feature in this e-beam scanned sample is that the system exhibits

TMR-like transport behaviour within the temperature range in which percolative resistance

jumps exist. Fig. 8-4(a) shows the isothermal resistance change during the sweeping of the
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(a) (b) 

(c) 

Figure 8.2: (a) SEM image of the sample before scanning the electron beam. (b) SEM image
of the sample after e-beam scanning; dark colored line (in the red rectangle) is induced by
carbon deposit during the e-beam scanning. Note that white dots in SEM images are due
to charging effect in the insulating substrate. (c) AFM image of the sample after e-beam
scanning.
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Figure 8.3: (a) A schematic illustration of e-beam scanning across the microbridge sample.
(b) The temperature dependence of the resistance in a spatially confined LPCMO/LAO
sample in the as-grown state, post-annealed state, and e-beam scanned state.
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magnetic field (MR vs. H) at various bias voltages (also see Fig. 8-1(b) for the comparison).

The measurement was performed after 600 scans of the e-beam. One can clearly see the

evidence of the tunneling magnetoresistance (TMR) effect from the shape of R vs H profile

while no TMR-like behaviour is observed before e-beam scanning. In order to confirm the

reproducibility of the TMR-like behaviour, the measurement was performed 5 times with

thermal reset (heated to 300 K then cooled to a set temperature (108 K) at zero field) to

reset the phase distribution within the sample. The TMR-like behaviour was repeatable

in every measurement at low bias voltages (< 0.5 V). The arrows in Fig. 8-4(a) indicate

the possible configuration of adjacent metallic domains’ relative magnetization orientation.

From the bias dependence of the MR, a significant drop of the MR magnitude is found at

≥ 300 mV. Above this bias, the TMR-like behaviour disappears and the data behave as in

normal manganite films (Fig. 8-4(b)). At this high bias voltage, the tunneling probability

of the electrons through the insulating layer increases and hence the TMR value decreases.

Now, we would like to discuss why TMR-like behaviour is observable in an e-beam

scanned LPCMO microbridge. In an electronic phase separated (EPS) LPCMO system,

metallic domains are randomly seeding within the insulating phase background at tem-

peratures near the metal-to-insulator phase transition temperature (Fig. 8-5(a)). As the

temperature of the system decreases the metallic domains grow in volume and percolate

between neighbouring domains (Fig. 8-5(b-d)). Hence the resistance drops at temperatures

below the TMIT . In a spatially confined system, the percolation event is observable as a

sharp jump since the system can be occupied by limited numbers of phase domains. In our

sample (2 μm width), this signature was not observed before the sample was exposed to the

e-beam scanning. However when the e-beam was scanned across the sample, as described

above, the scanning can produce a ”damaged” region that hampers the growth of metallic

domains. As a result, this process can form FMM - I (or bad FMM) - FMM arrangement

where TMR behaviour is expected depending on the relative orientations of magnetization

of each metallic domain (assuming that each FM domain has slightly different coercivity

field; Fig. 8-5(e-i)). In this sample, the easy axis of magnetization can be formed along the

e-beam path due to domain-wall pinning at the exposed region. [93] Since the magnetic field

is applied along the e-beam path (insulating barrier, IB), i.e., H ‖ IB, the resistance versus

field R(H), can be in a low or high resistance state depending on whether the magnetization

directions in adjacent FMM domains are parallel or antiparallel. This is explained in Fig.

8-5(g-i). Furthermore, additional magnetoresistance (after magnetization alignment where

sharp drop of the resistance is shown) can be observed in the LPCMO system due to further

growth of FMM domains upon the application of an external magnetic field. As the tem-

perature cools this ’bad metal’ region eventually collapses and percolate with neighbouring

metallic domains which can be observed in R vs T profiles (at low temperature; Fig. 8-5(f)).

This phenomenological explanation is illustrated in Fig. 8-5(a to f). Note that the shapes

of the phase domains are illustrated according to direct images of LPCMO systems. [8, 10]
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Figure 8.5: Phenomenological model of e-beam induced TMR-like behaviour in a spatially
confined EPS LPCMO/LAO thin film. (a-f) Temperature dependence of phase domain
configuration in e-beam induced microbridge. (g) TMR behaviour and the relative mag-
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In order to further understand the role of the e-beam scanning, we attempted to inves-

tigate the maximum TMR magnitude as a function of the number of e-beam scans. Here,

the maximum TMR magnitude is calculated by TMR = [R(max) - R(0T)]/R(0T), where

R(max) and R(0T) are the resistance values at maximum and at H = 0 T during field

sweeping, respectively. For the experiment, the scanning rate was fixed at ∼ 0.6/s. As

the number of scans increases, the TMRMAX magnitude stays somewhat constant, then

increases sharply (Fig. 8-6(b)) and peaks at ∼ 800 scans with ∼ 300 % of TMR (Fig.

8-6(c)). The TMRMAX is small when the number of scans reaches a few thousand.

Initially increasing the number of scans could produce a progressively more damaged

region in the sample that further inhibits the formation of the metallic region within the

system. The damaged region (i.e., bad FMM) acts as a potential barrier between the

metallic domains. Upon increasing the number of e-beam scans, the height of the potential

barrier increases until it reaches an optimum value which corresponds to the highest TMR

magnitude (∼ 300 % at 800 scans, Fig. 8-6(a) and (c)). Further increasing the number of

scans continues to increase the barrier height (more insulating) until it is too high to be

tunneled through. As a result, one observes the decrease in the TMR magnitude above ∼
1000 scans (see Fig. 8-6(a) and (d)). Experimentally, the potential barrier (bad metallic

region) produced by the e-beam scanning does not seem to noticeably disturb the R vs. T

profile (no clear change is observed above 200 scans).

There is some variation in the e-beam induced behaviour among different samples. This

variation could be due to the inhomogeneous initial state of the phase separated system, i.e.,

each sample may have a different distribution of oxygen content which leads to a different

domain distribution between samples. This problem might be solvable by precise control of

the post annealing process. Nevertheless, the e-beam induced TMR behaviour was in fact

observed in several different samples (with different magnitudes at different temperatures).

Also we would like to note that this TMR-like behaviour was observed only with the LPCMO

films on LaAlO3 (LAO) substrates which creates compressive strain between the substrate

and film. We believe that the compressive strain may help to develop the domain walls

within the electron beam exposed region.

8.4 Conclusion

In conclusion, we could artificially generate a FM - I - FM domain structure by e-beam scan-

ning within a spatially confined system. When the e-beam is scanned across the LPCMO

bridge, the system has shown TMR-like behaviour which is evidence for the existence of a

FM - I - FM configuration within the bridge that enables tunneling between the FM regions.

We believe e-beam scanning in a manganite could tilt the angle between the Mn - O - Mn

bond which may induce a ’bad’ metallic region that acts as a potential insulating barrier.

By increasing the number of e-beam scans, a maximum of ∼ 300 % TMR is observed. This

magnitude is reasonably high compared to the TMR magnitude from multi-layered man-
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ganites (few % to hundreds %). However, when the number of e-beam scans is increased

above ∼ 1000 a decrease of the magnitude of the TMR is observed. This could be caused

by the progressive increase of the barrier height as the number of e-beam scans increases.

These findings may help us to better engineer phase domains in EPS systems which are

strong candidates for future generation magnetic sensor applications.
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Chapter 9

Summary, Conclusions and
Directions for Future Works

In this thesis, we have presented novel magneto-transport properties in spatially confined

La0.3Pr0.4Ca0.3MnO3 (LPCMO) thin films. Chapter 9.1 to 9.5 summarizes the major results

from Chapter 4 to 8. In Chapter 9.6, I discuss directions for future works.

9.1 Re-entrant low-field magneto-resistance in LPCMO film
due to spatial confinement

From investigations of the temperature and external magnetic field dependence of the re-

sistance in a spatially confined LPCMO 2 μm width micro-bridge, we find that the sudden

jumps that are produced by the percolation of metallic domains within the confined region

produce additional features in its magnetoresistance. Two peaks are seen in the temper-

ature dependence of the magnetoresistance as well as the temperature dependence of the

area of the hysteresis loops that exist in an isothermal magnetic field scan of the resistance

in 2 μm bridge. One of the peaks is close to the metal-insulator transition temperature,

as expected for a standard manganite film, while the additional peak occurs at lower tem-

peratures where co-existing metallic and insulating domains have sizes comparable to the

spatially confined region. The magnetoresistance of the latter peak is considerably less

sensitive to magnetic field than the former. Furthermore, its value at 0.2 T is enhanced

by about 100 % compared to that of the 25 μm bridge at the same temperature and field.

These results imply that the LF-CMR devices are feasible by using the spatial confinement

phenomena.

9.2 Field dependent resistive evolution in spatially confined
LPCMO thin tilms

For understanding of the long-time resistive metastability in spatially confined thin films of

La0.3Pr0.4Ca0.3MnO3, we have systematically investigated the temperature and magnetic
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field dependence of resistive time relaxation behaviour. It is found that the sharp resistance

jumps during time relaxation measurements occur in the temperature range where the sizes

of the competing electronic phase domains are comparable to the lateral dimension(s) of

the LPCMO film, such as in the 2 μm × 2 μm microbridge.

These resistance jumps could be tuned by the magnetic field: (1) at low (or zero) mag-

netic fields, FMM domains can disjoin as the FMM volume decreases. This can disconnect

a percolation path(s) within the confined part of the sample, creating the up jumps of the

resistance superimposed upon an overall increase of the R vs. time. (2) At high magnetic

fields, there is an overall growth of the volume of the FMM domains with time. This can

create a percolation path(s) within the microbridge, resulting in downward jumps of the re-

sistance superimposed upon an overall decrease of the R vs. time. (3) At a certain magnetic

field (∼ 0.4 T in our sample), the long-time resistance relaxation as well as the sharp jumps

are suppressed because the average FMM and insulating volumes are time-independent. By

contrast to the behaviour described above for the 2 μm wide microbridge, the 25 μm wide

bridge shows only relatively weak resistance jumps within the field range studied. This

sample is approaching the non-confined limit (behaves as a wide sample) at all tempera-

tures and magnetic fields, where many percolating paths contribute to the behaviour of the

resistance. We believe such information is useful for improving the scientific understanding

of the metastability of a spatially confined manganite system over a broad range of external

magnetic field and temperature, and may also have ramifications for single domain phase

engineering for applications.

9.3 Low field colossal anisotropic magnetoresistance in spa-
tially confined electronically phase separated LPCMO
microbridges

The anisotropic magnetoresistance (AMR), i.e., the values of the resistance that depend

on the direction of the magnetic field with respect to either the current direction or the

crystal axes, is an important property for various applications, such as sensors of magnetic

field directions. For the applications, it is known that the data rate of those devices is

proportional to the square of the magnitude of the MR or AMR. For this reason, having

a high value of the AMR improves the detectors’ sensitivity and the corresponding read

times, etc. By manipulating the geometries of LPCMO thin films, we could create colossal

low field (∼ 0.2 T) in-plane anisotropic magnetoresistance (C-AMR) greater than 16,000 %.

This magnitude is a record-breaking value of the AMR which is several orders of magnitude

greater than quantities previously reported in any material (e.g., ∼ 5 % to ∼ 20 % in

ferromagnetic 3d alloys and ∼ 40 % and ∼ 200 % in normal wide manganite films). We

believe this enormously large magnitude of AMR (C-AMR) could be caused by the domains

which are trapped/pinned in certain directions; the ones that follow the domain growth

preferred direction and the other ones that are perpendicular to the domain growth preferred
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direction. This study may be propaedeutic to a way of enhancing the anisotropic magneto-

transport properties in manganite systems. Our discovery of such colossal AMR will improve

the scientific understanding of the electrical properties of these unique systems, and can also

provide important clues on engineering next generation AMR-based devices for technology.

9.4 Current dependence of colossal anisotropic magnetore-
sistance in LPCMO microbridges

The discovery of C-AMR behaviour in spatially confined La0.3Pr0.4Ca0.3MnO3 thin films

inspired us to seek methods of manipulating the C-AMR magnitude. Using the knowledge

that applying an electric current to an EPS manganite system can change the activity of

the domains, one may expect that the current can significantly modify the C-AMR within

a spatially confined LPCMO microbridge. We found that by using the bias d.c. current

to change the percolation within spatially confined LPCMO thin films, the magnitude of

the colossal in-plane anisotropic magnetoresistance could be dramatically modified. As an

example, the low field anisotropic magnetoresistance value was changed from ∼ 900 % to

over ∼ 24,000 % as the current is decreased from 1 μA to 10 nA. From the results of the

C-AMR on the bias current dependence, it appears that when a higher current is applied to

our sample within the temperature region where the percolation induced resistance jumps

occur, the system prefers to be in a more metallic configuration. These results indicate that

the d.c. bias current can be a useful method for adjusting the C-AMR in spatially confined

LPCMO systems over a wide range of values.

9.5 Electron beam induced TMR-like behaviour in spatially
confined LPCMO-LAO thin films

By considering the fact that the manipulation of the electronic phase domains within the

confined LPCMO system can cause significant changes in electric transport properties, it

is desirable to develop a novel device such as magnetic tunnel junctions by engineering the

phase domains in this system. As a demonstration of feasibility, we have used an electron

beam to engineer the properties of electronic phase domains within a spatially confined

LPCMO system. We could artificially generate a FM - I - FM domain structure by e-beam

scanning within the spatially confined system and generate tunneling magnetoresistance

(TMR) behaviour with a magnitude of ∼ 300 %. This finding may lead to a new method

of manipulating phase domains in EPS systems which are strong candidates for future

generation magnetic sensor applications.
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9.6 Directions for future works

The experimental works presented in this thesis have been focused on the percolation in-

duced magneto-transport properties in spatially confined La0.3Pr0.4Ca0.3MnO3 thin films.

Although interesting features such as double peak MR, C-AMR, and e-beam induced TMR

have been found in this system, more works remain. In the following sections, the author

would like to introduce directions for future works regarding not only further understanding

of the system’s nature but also the engineering of phase domains within micrometer-scale

EPS manganites.

9.6.1 Reproducibility of spatial confinement induced transport properties

During the study of micrometer-scale EPS LPCMO thin films, reproducibility of the results

in spatially confined this films was one of the main issues. The following feature may be

important for the un-controllable nature of spatial confinement: Oxygen distribution within

the system could cause significant changes in transport properties in the spatially confined

systems (see Chapter 6). As the double exchange model explains, the electron hopping in

manganite occurs through the oxygen atoms between manganese atoms (see Chapter 2).

A non-uniform distribution of oxygen, therefore, would create an inhomogeneous hopping

environment that may cause ’bad’ metallic portions within the sample. In wide (or normal)

thin films of LPCMO (lateral width above 20 micrometers), this inhomogeneity would

not noticeably affect the system’s transport properties since many conduction paths can

be created within the films. However, since the spatially confined system contains small

numbers of conduction paths, the overall effect due to the disturbance (caused by non-

uniform distribution of oxygen) in a single conduction path can cause a significant effect in

the transport properties. Hence controlling the oxygen-distribution in a confined sample can

be used to manipulate the confinement phenomenon (resistance jumps) in these samples.

As a possible way of achieving this goal, post-annealing in Ar or air flowing condition can

be attempted. The microbridges can show insulating or normal film-like behaviour that

depends on the oxygen distribution of the sample. When the bridge part of the sample

contains a low level of oxygen, insulating behaviour is expected while a high level of oxygen

content would cause normal film-like behaviour. For insulating microbridges, post annealing

in air can add the oxygen into the system, hence metallic phase transition is expected. For

normal film-like microbridges, post annealing in Ar gas can deprive oxygen from the sample

and create disturbances in the metallic phase. We have partially started this project and the

results seem promising for engineering the magnitude of percolation jumps via a gentle post

annealing process. Fig. 9-1(a) and (b) show the results of post annealing effect in air and

Ar, respectively. In future studies, precise measurement and control of oxygen-distribution

would be required.
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Figure 9.1: Post annealing effect in spatially confined LPCMO films in (a) Ar gas flowing
condition: annealing for 15 min at different temperatures and (b) air flowing condition:
annealing for 30 min at different temperatures
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Figure 9.2: The study of AMR manipulation by combination of bridges with different angles
(a) A schematic diagram of the sample (LPCMO thin film on STO substrate). (b) AMR
result obtained from the combination of Ch1 and Ch4 and (c) combination of Ch2 and Ch4,
respectively. Note that (cal)s in (b) and (c) denote the values calculated using data from
Ch1 and Ch4 for (b) (and Ch2 and Ch4 for (c)), e.g., Ch1 + Ch4 (cal) = 1/2(Ch1) +
1/2(Ch4).

9.6.2 Geometrical engineering of spatial confinement for AMR manipu-
lation (anisotropic strain induced effects)

The discovery of colossal anisotropic magnetoresistance in spatially confined LPCMO thin

films is an important finding in this thesis. It shows that a novel method of achieving large

magnitude of AMR is to manipulate the geometry of the sample. In normal wide films,

the spin-orbit coupling has been accepted as a main mechanism for their AMR behaviour.

The conventional AMR is proportional to cos2 θ or sin2 θ where θ is the angle between the

magnetization and current direction. Therefore, one can manipulate the peaks of the AMR

behaviour by choosing the right combination of bridges with different angles. For example,

two bridges that are perpendicular to each other will show no AMR. By studying a cross

junction pattern, we could experimentally manipulate the AMR values, as exemplified in

Fig. 9-2.

Therefore, in principle, many shapes of AMR response can be achieved by manipu-

lating the combinations of the bridges with different angles. Furthermore, when the sys-

tem’s lateral dimension is reduced to micrometer range, resistance jumps can be seen in
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micrometer-scale phase separated systems such as LPCMO thin films. From our results

(shown in Chapters 6 and 7), it is suggested that the anisotropic nature of metallic domain

growth in confined LPCMO thin films could lead to the C-AMR behaviour. In this per-

colative environment, the system will not follow the conventional cos2 θ or sin2 θ relation

due to the existence of resistance jumps. In these spatially confined samples, manipulating

the orientation of the metallic domain growth can be used for engineering the C-AMR.

For example, a NGO substrate with (101) crystalline orientation creates anisotropic strain

between the film and the substrate which cause anisotropic phase domain growth in the

LPCMO system. Therefore, by choosing appropriate geometries of spatially confined thin

films on this anisotropic strained substrate, dramatic changes in the C-AMR is expected.

9.6.3 Further understanding of electron beam scanning effect on elec-
tronic phase separated manganites

Our discovery of tunneling magneto-resistance (TMR) behaviour in electron-beam scanned

microbridges have opened a door to developing a new type of magnetic tunnel junction

(MTJ) devices by engineering the local phase domains in a manganite. Although we have

observed promising results in a few samples, the exact nature of the phenomenon remains

unclear. For further understanding of this system, direct imaging techniques such as mag-

netic force microscopy (MFM) and surface magneto-optics kerr effect (SMOKE) microscopy

are desirable to ’see’ the structure of the electronic phase domains. Note that due to its

fast phase-transition dynamics, we would prefer an optical method (SMOKE) to get ’real-

time’ response of the phase domains within the confined EPS systems. Furthermore, by

considering the fact that the e-beam induces regions with ’bad’ metallic behaviour, one

might be able to use the e-beam to pattern the conduction path or even create multiple

tunnel junctions within a wide sample without physically, e.g., chemically, removing the

undesirable regions.
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[23] A. Gössling, M. W. Haverkort, M. Benomar, H. Wu, D. Senff, T. Möller, M. Braden,
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