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Abstract

The doped perovskite manganite La;,Ca,MnO; (0<x<I) has been extensively
studied due to the interactions between the electronic, magnetic and crystal lattices,
and the wide range of phases that can coexist. The region of greatest interest in the
bulk material is around x~0.5, where there is often mesoscopic phase coexistence

between a ferromagnetic metal (FM) and an antiferromagnetic insulator (AF).

The first part of the dissertation describes a systematic study on a series of
La;,Ca,MnOs films deposited onto SrTiO; (001) by pulsed laser deposition with
compositions in the range 0.40<x<0.45. From electrical transport and magnetisation
measurements, the limit of metallic behaviour was found to be x=0.41 whereas
ferromagnetism was seen up to x=0.45. Although the transition temperatures of 150-
200 K were comparable with the bulk material, the saturation moment at 20 K was
about 40% of the fully spin-aligned value, which suggests the possibility of a phase
separated mixture of FM and AF regions. The deviation from the bulk behaviour is
thought to be due to substrate-induced strain altering the crystal symmetry and

making the cubic ferromagnetic state less favourable.

In the remainder of this work, the nature of phase separation in 60 nm
Laps0Cap41MnOs and LaggCag4oMnO; films is investigated. The effect of an
external magnetic field is studied. A high-field magnetoresistance (Ap/pp-) of 41%
in fields of 400 mT was observed for a LaggCag40MnO; film, which, while not as
large as the values previously reported in the literature, is still significant. The
magnetic history of the films was found to be very significant, with the zero-field
resistivity depending on the highest field applied. The isothermal time dependence of
the resistivity was found to be exponential, with a time constant in the range 100-
1000 s. Possible mechanisms for the MR effect and the dependence on magnetic

history are discussed.
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A note on the units used in this dissertation

Wherever possible, S.I. units and conventions have been used in this thesis.
Unfortunately magnetics is one area of physics where c.g.s. units (4 in Oersted, M in
e.m.u./cm’) are still widely used and magnetic results will be reported using these
units. There is also the occasional use of the Angstrom (=0.1 nm) in discussions on
crystallography.

List of symbols

a,b,c lattice parameters
ap (pseudo-)cubic lattice parameter
a* reciprocal space lattice parameter
B,B magnetic flux density
C specific heat
D diffusion coefficient
dhkl interplanar spacing
dS element of vector area
e electronic charge
E, activation energy
Er Fermi energy
E, energy gap
E, polaron hopping energy
f ferromagnetic volume fraction
fo equilibrium ferromagnetic volume fraction
h Planck’s constant
H,H magnetic field strength
Hc coercive field
Ju Hund coupling constant
k Boltzmann constant
M,M magnetisation
My remnant magnetisation
n density of states
P probability
q reciprocal space vector
R d.c. resistance
radius
A radius of the A-site cations
FMn radius of Mn>"*" ion
7o radius of O% ion
S classical spin quantum number
t film thickness,
Goldschmidt tolerance factor
time
T temperature
Tc Curie temperature of a ferromagnet
Tco charge-ordering temperature

X
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Twi

X,y

ReEEAN

SR BN QAD =X 2D

glass transition temperature
metal-insulator transition temperature
Néel temperature of an antiferromagnet
level of divalent ion doping, usually the level of Ca in the
La;,Ca,MnOs system

oxygen vacancies

induced electromotive force

strain

angle

wavelength

carrier mobility

Poisson’s ratio

d.c. resistivity

electrical conductivity

variance

time constant

magnetic flux

magnetic susceptibility

angle

polaron hopping frequency

Abbreviations

AF
AFM
CAF
CMR
CO
DE

FC
FM
FMI
FMM
FWHM
GMR
JT
LMFR
MR
NMR
PLD
PMI
STS
TEM
VRH
VSM
WFEFMI
ZFC

antiferromagnet(ic)

atomic force microscopy
canted antiferromagnet
colossal magnetoresistance
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double exchange

field cooled

ferromagnet(ic)

ferromagnetic insulator
ferromagnetic metal

full width at half maximum
giant magnetoresistance
Jahn-Teller

low-field magnetoresistance
magnetoresistance

nuclear magnetic resonance
pulsed laser deposition
paramagnetic insulator
scanning tunnelling spectroscopy
transmission electron microscopy
variable range hopping
vibrating sample magnetometer
weakly ferromagnetic insulator
zero-field cooled
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Chapter 1 Introduction

The ability of an external magnetic field H to alter the electrical resistivity p of
a sample has long been known and the term magnetoresistance (MR) has been
adopted to quantify the relative change in the resistivity. Attempts to increase the size
of the MR effect have largely been driven by the needs of the technology industry to
keep up with the demand for increased magnetic storage density. Magnetoresistance
has been observed in many different physical systems and there appears to be a wide
range of physical mechanisms responsible for the effect. These mechanisms can be
intrinsic (e.g. double exchange in colossal magnetoresistance (CMR) materials) or
extrinsic (e.g. the mechanism in a manganite tunnel junction). Typically intrinsic
effects are due to the alignment of atomic spins and may only become significant in
fields of several tesla, whereas extrinsic effects originate in the alignment of magnetic

domains and can be seen in fields of a few millitesla.

The scale of the MR effect can also vary widely, from typically less than 1% in
fields of several tesla in simple metals at room temperature [1], to 10'*% at 40 K in
Pry67Ca33Mn0O3; when the ‘charge-ordered’ phase is melted in a 4 T magnetic field
[2]. It should be noted that there are two alternative definitions for MR (equations 1.1

and 1.2) used in the literature.

MR(H _PH =0)-p(H) 11
(H) (H) (1.1)
p(H =0)

There is no upper limit on the MR using the first definition, but the second
definition has an upper limit of 100%. For low MR values there is little difference
between the two definitions but the values diverge as the MR increases. For
comparison, the Ap/p(H) value of 127000% obtained by Jin et al. [3] corresponds to a
Ap/ p(H=0) value 0of 99.92%. The two MR values quoted in the first paragraph use the
first definition. However, unless otherwise stated, all MR values quoted in this

dissertation will use equation 1.2.
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With the discovery of the CMR effect in Lag¢7Cap33MnO; in 1994 by Jin
et al. [3], CMR materials were suggested as the basis of the next generation of disc-
drive read heads. However, CMR materials could not compete with the incumbent
giant magnetoresistance (GMR) materials, so the interest of the data storage industry
was lost. The GMR effect was first seen in 1988 in Fe/Cr multilayers where the Fe
layers were antiferromagnetically coupled through the non-magnetic Cr layers [4].
The GMR effect was a significant discovery because, as well as having an MR of
~50% at 4.2 K, GMR was an extrinsically engineerable effect and the MR value could
be optimised. Within a decade, IBM had shipped the first disc drives with read heads

comprising advanced GMR devices, or ‘spin valves.’

The main drawbacks with CMR materials that made them unsuitable for
technological applications were that the intrinsic MR effect requires fields of several
tesla and, while this high-field MR effect close to the Curie temperature 7¢ is large,
away from 7¢ the effect is negligible. By introducing artificial boundaries into CMR
materials a low-field MR effect can be seen [5], but this low-field effect is extremely
sensitive to the precise temperature. Therefore, CMR materials are now studied
mainly for their scientific interest. Since 1994 the CMR effect has also been seen in
layered perovskites such as Lay.,Sr;+2,Mn,O7 [6] and at higher temperatures in the

double perovskite Sr,FeMnOg [7].

The prototypical CMR material has the chemical formula A; ,B,MnOs (A=La,
Pr, B=Ca, Sr, Ba, 0<x<1) and exhibits a wide range of interesting scientific features
including a rich phase diagram with various types of magnetic and electrical
phases [8], intrinsic phase separation on micron lengthscales [9], a large CMR effect
in the bulk material [3], a low-field MR effect at 100 mT originating in artificially
induced constrictions [5], and almost complete spin polarisation in the ferromagnetic
region at low temperature [10-13]. The electrical and magnetic properties can often
be tuned by varying numerous external parameters including temperature [14] and
magnetic field [15]. Furthermore, there are often significant differences between the
properties of bulk samples and thin films due to the effects of substrate-induced

strain [16].
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This dissertation is concerned with epitaxial thin films of La;,Ca,MnO;
(0<x<1). In the bulk form, La;.,Ca,MnO; exhibits a wide range of phases including a
ferromagnetic metal, a ‘charge-ordered’ antiferromagnetic insulator and a
paramagnetic insulator depending on the level of Ca doping and temperature. These
phases have been shown to coexist over surprisingly small lengthscales [9], and the
phase-separated nature of La;.Ca,MnO; is now well established. In epitaxial thin
films, there will be an induced strain due to the slight lattice mismatch between the
manganite and the substrate. This strain will alter the crystal symmetry of the film
and change the Mn-O bond lengths. This can affect the relative stabilities of the
competing phases. It is the change in stability of the ferromagnetic metallic phase due

to strain which this dissertation attempts to investigate.
Overview of this dissertation

The focus of this dissertation is an experimental investigation of the effects of
strain on the low temperature ground state of La;.,Ca,MnO; films in the range
0.40<x<0.45. It can be divided broadly into two parts. The first part will set the work
in context using a range of review articles. Chapter 2 will introduce the doped
perovskite manganites, and discuss the underlying physical concepts, with emphasis
on the properties of La;,Ca,MnOs;. The topics discussed include the Jahn-Teller
effect, the double exchange model, electron-lattice interactions and the effects of
substrate-induced strain. Chapter 3 will conduct a review of the evidence for phase

separation in the manganites including their time-dependent properties.

In the second part, the focus changes to experimental work. The experimental
methods used in this study, which include pulsed laser deposition, sample
characterisation using atomic force microscopy and X-ray diffraction, and the
electrical and magnetic characterisation techniques are described in Chapter 4. In
Chapter 5 a systematic study is made of the properties of a series of La;,Ca,MnO;
films (0.40<x<0.45) grown on SrTiO; (001). The electrical and magnetic properties
are investigated as a function of temperature and a simple phase diagram for 60 nm
thin films is constructed. There is also a short comparison with transport data and
preliminary magnetic data from a similar set of less-strained films grown on

paramagnetic NdGaOs (001) substrates. Due to the high paramagnetic signal from the



Chapter 1

NdGaOj; substrates only limited magnetic data is presented for this set of films. From
these results it appears that the limit of metallic behaviour at low temperature is
shifted from x=0.50 for the bulk material to x=0.41 for these strained films, although
all the films studied here showed some degree of ferromagnetism at 20 K. Chapter 6
describes the magnetoresistance effects seen in these films as a function of magnetic
field and temperature and offers evidence that phase-separated systems can be thought
of as a cluster of interacting magnetic nanoparticles. The isothermal time dependence
of the resistivity and magnetisation when the external field was altered is investigated
in Chapter 7. A memory effect was seen where the maximum field applied was
encoded into the zero-field resistivity. The time dependence immediately after the

field was altered was fitted to a simple exponential decay of the form

p(ty=a+bexp(-(t-ty)/ 1), (1.3)

and values obtained for the time constant 7= The values of 7 are linked to the

magnetic history of the films.

Finally, Chapter 8 contains a summary of the findings and suggestions for

further work.
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Chapter 2 An introduction to the manganites

2.1 Historical background

There were reports of interesting behaviour in the doped perovskite manganites
as far back as 1950. Jonker and Van Santen [1,2] carried out early work on the
compounds La; ,A,MnO3 with A = Ca, Sr and Ba. They found that the end members
of the series, corresponding to x=0 and x=1, were antiferromagnetic insulators.
However, intermediate values of x gave ferromagnetism, particularly around x=0.3.
They found that the onset of ferromagnetism was associated with a sharp increase in
electrical conductivity. In 1951, Zener proposed a double exchange model [3] to
explain the link seen by Jonker and Van Santen between ferromagnetism and metallic
behaviour. The first report of magnetoresistance (MR) was by Volger in 1954 [4]. In
1955 Wollan and Koehler reported neutron diffraction peaks corresponding to
ferromagnetic (FM) regions, antiferromagnetic (AF) regions and occasionally FM and
AF regions simultaneously in La;Ca,MnOs [5]. This was the earliest report of phase
coexistence in the manganites. Phase coexistence will be discussed in more detail in

Chapter 3.

There was little further activity until the early 1990s, when there were reports of
‘colossal’ magnetoresistance values. In 1993 a MR value (Ap/p(H=0)) of 60% was
reported in Lay;3Ba;3sMnO; films [6]. A year later in 1994 Jin et al. [7] discovered the
colossal magnetoresistance (CMR) effect in strained annealed Lag¢7Cag33MnO; thin
films. In what was possibly then the most dramatic magnetoresistance effect,
application of a 6 T external magnetic field altered the resistivity around the Curie
temperature by six orders of magnitude and gave a Ap/p(H=0) value of 99.92%.
There was comparatively little effect well above or well below T¢, as shown in

Figure 2.1 and Figure 2.2.

There was a sharp upturn of interest in La;Ca,MnOs with 0.2<x<0.5 after the
discovery of the CMR effect. In this system, Las;sCa3sMnO3; was found to have the
highest Curie temperature 7 of 265 K [8]. These initial results were in qualitative
agreement with Zener’s original double exchange model, but the transition

temperatures seen were an order of magnitude below the original theoretical
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predictions. Clearly further work, both theoretical and experimental, was required to
understand fully the fundamental physics involved. In particular, the magnitude of
the CMR effect could not be explained by double exchange alone.

125000 )_ La-Ca-Mn-O Film

130
100000

_ 75000

50000

25000

Figure 2.1. Resistivity, magnetoresistance and magnetisation data for an epitaxial
Lays7Cag3:MnQOs film. Note that the MR values are quoted as AR/Ry. (Taken from

[91)
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Figure 2.2. Resistivity as a function of applied field at 60 K, 77 K and 110 K for
epitaxial Lays;Cag3:MnOs; films. (Taken from [9].)
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2.2 Crystal structure and electronic studies

La;,Ca,MnOs is a member of the perovskite family which has the general
chemical formula ABO3;. The Mn ions occupy the B-site at the centre of the unit cell
and are octahedrally coordinated by the oxygen ions. Adjacent MnOg octahedra are
linked at their vertices. The La’" and Ca”" ions are then distributed randomly over the
A-sites in the crystal. A cubic unit cell is shown in Figure 2.3. This cubic unit cell is
idealised and is only seen at high temperature, above ~1000 K, where most
perovskites are cubic. As the temperature is lowered, the MnOg octahedra distort and
rotate around the oxygen links, thereby reducing the symmetry of the La; Ca,MnQO;
system. Below 700 K the structure remains orthorhombic Pnma for all levels of

calcium doping, and therefore the La; ,Ca,MnO; system can be studied in the absence

of structural phase transitions.

o

3

¢
— g —

f‘{

Figure 2.3. The perovskite building block of (La,Ca)MnQOs. Lanthanum and calcium
occupy the A-sites and manganese occupies the central B-site.

2.2.1 A-site cation size

If the ions can be treated as hard spheres that just touch each other in
equilibrium, then we can use the Goldschmidt tolerance factor ¢ to parameterise any

distortions from the ideal structure. This is defined as the ratio of the length of the
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face diagonal to 2 times the cube edge. In terms of ionic radii, ¢ is given by

. (rpy+r,

= 2.1
\/E(rMn+r0) D

Here rvin and ro are the radii of the manganese and oxygen ions respectively
and (ra) is the average radius of the A-site cations. If the A-site cation were to exactly
fill the interstice then =1 and the perovskite would be cubic. In practice this is not
the case and stable structures generally lie in the range 0.8<¢t<1. In the calculations
which follow a coordination number of nine has been assumed for the A-site cations
and the ionic radii values are taken from Shannon [10]. The radii of Mn®>" and Mn*"
are 0.58 A and 0.53 A respectively, so the average value of ry, will depend on the
ratio of the two types of manganese ion present. The value for ro is 1.21 A, so to
obtain the ideal cubic structure (rp) must vary linearly between 1.32 A for x=0 and
1.25 A for x=1. The closer {ra) is to this ideal value, the better the overlap between
the Mn 3d and O 2p orbitals will be and the greater the stability of the metallic phase
[11]. Note that the reported values of ¢ depend strongly on the ionic radii and

coordination numbers used.

In practice, the A-site ions are smaller than the ideal radius, which leads to a
rotation of the MnOyg octahedra. La*" and Ca®" have mean radii of 1.216 A and 1.18 A
respectively, which leads to a tolerance factor of 0.958 for LaMnO; and 0.971 for
CaMnO;. For x=0.5, (ra)=1.198 A and the tolerance factor is 0.965. This value of
(ra) is substantially less than the ideal value of 1.286 A, and the MnOy octahedra
rotate or distort to improve the packing. The true unit cell is an orthorhombic Prnma
cell as stated earlier. The Pnma lattice structure can be derived from the ideal cubic

perovskite cell as follows:

(1) Rotate an oxygen octahedron around the z-axis. Since the octahedra remain

connected, the attached octahedra in the x-y plane rotate in the opposite sense. This

results in a /2 x+/2 doubling of the cell (conventionally taken to be the a-c plane).
This reduces the symmetry to tetragonal (b#a=c).

(i1) Tilt an octahedron along the Mn-O-Mn bond in the ¢ direction in the a-c

plane, leading to opposite tilting of the neighbouring layers. This results in a further

10
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doubling of the primitive unit cell along the b axis and orthorhombic symmetry. This
leads to a slight reduction in b and one in-plane parameter (conventionally taken to

be ¢). The unit cell volume tends to be conserved, so there is a slight increase in a.

The true unit cell is orthorhombic Prnma with axcx\2a, and b=2a,, where a, is
the lattice parameter of the pseudo-cubic unit cell. The unit-cell of La; Ca,MnOs
remains orthorhombic for all levels of Ca doping. The true unit cell is shown in
Figure 2.4 and the relationship between cubic and orthorhombic unit cells is given in

Figure 2.5.

Figure 2.4. The Pnma unit cell of La;«Ca.MnQOs3, giving an impression of the
distortions from the cubic unit cell. The ions are represented by black (manganese),
grey (La or Ca) and white (oxygen) spheres respectively. The region shown
comprises four cubic perovskite building blocks. (Taken from [12].)

The primary method of electronic conduction in the manganites is via the
conduction band formed from the overlap of the Mn 3d and O 2p orbitals. The degree
of overlap is maximised for a cubic perovskite structure (structure factor = 1). Any
deviations from this, either by lengthening or bending the Mn-O-Mn bond, will
reduce the orbital overlap and the hopping amplitude of the itinerant e, electron. It is
possible to investigate the effects of chemical pressure on the Mn-O-Mn bond by

substituting trivalent ions of differing sizes into the perovskite structure while keeping

11
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Figure 2.5.  Orthorhombic (thick lines) and cubic (thin lines) unit cells for
La; Ca.MnQOj; and the relative orientations of the crystallographic axes.

the fraction of divalent ions constant. Crucially this ionic substitution will leave the
valency of the manganese ions and the number of potentially itinerant electrons

unaltered. However, this introduces disorder into the crystal.

Ignoring this cation disorder, the effects of the average A-site cation size have
been investigated by numerous groups (see reference [13] for a review), and a typical
result is shown in Figure 2.6. Further studies have shown that the magnetoresistance

increased and 7¢ decreased with decreasing (ra) [14].

In 2000 Rodruiguez-Martinez and Attfield studied polycrystalline samples of
Lay7Mo3sMnOs with differing distributions of the A-site cations [11]. They used two

parameters; the average radius (rs), which is related to static distortions, and the

12



Chapter 2

T L e o e ] e ey Jpg gy
0 50 100 150 200 250 300
T(K)

Figure 2.6. Normalised resistivity [R(T)/R(T=300 K)] vs. temperature for a series of
samples of Lay 7..YCay:MnOs;with x=0, 0.07, 0.1, 0.15, 0.2, and 0.25. The Mn-O-Mn
bond becomes more non-linear with increasing Y content. (Taken from [15].)

variance o® = (7s) — (ra)’, which is related to disorder. The compositions studied
were such that (r») was held constant at 1.20 A, but o varied from 0.0003 A to
0.0090 A% All samples underwent a metal-insulator transition (Figure 2.7), but there
were two distinct groups of transition temperatures Ty 7wy was suppressed to 70-
100 K for the larger o* values (above 0.005 A%) and the room temperature resistivity
for these samples was an order of magnitude higher. The same authors proposed a
‘chemical window’ for Lag7Mo3:;MnQOs in the (rA>—02 plane (Figure 2.8). Empirical

estimates have indicated that an ideal cubic manganite would have a 7¢ of 520 K.

Further evidence for the importance of the A-site cation distribution was seen
by Uehara et al. in the Las;g,Pr,Ca3sMnO3 system [16]. It was found that by altering
the level of Pr doping the ground state could be tuned from a ferromagnetic metal
(»=0) to a charge-ordered antiferromagnetic insulator (y=1). Furthermore, around
y=0.3 there was coexistence between a charge-ordered and a charge-disordered phase
on micron lengthscales. The charge-disordered phase was inferred to be a

ferromagnetic metal from macroscopic resistivity and magnetisation data.

13
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Figure 2.7. Temperature dependence of resistivity for polycrystalline samples of
Lag:My3MnO;.  The average A-site cation size is 1.20 A and the labels show
o (x10" 4°) values. (Taken from [11].)
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Figure 2.8. Metal-insulator transition temperatures for Lag;My;MnQOj plotted in the

(r4)-0° plane. Values of the metal-insulator transition Ty (in 50 K intervals) and
approximate isotherms are shown. The ideal Lay;My:;MnQOs perovskite (with t=1 and

o°=0) lies in the bottom right corner and has an estimated Ty of 520 K. (Taken from
[11].)
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2.2.2 Crystal field splitting and the Jahn-Teller effect

Neutral manganese has the electron configuration 1s°2s*2p°3s*3p®3d°4s®. The
first two electrons to be lost on ionisation are the two outermost 4s electrons. Thus,
the three electrons that are lost to form a Mn®* ion are the two from the 4s orbital and
one further electron from the 3d energy level. The additional electron that is lost to
form Mn*" comes from the 3d level. Mn®" has an outer electron configuration of 3d*

and the configuration of Mn*" is 3d°.

In the undistorted perovskite structure, the Mn ions sit on an octahedral site, and
the 5-fold degeneracy of the 3d orbitals is split by the octahedral crystal field. This
leads to a low-lying ty, triplet and a higher energy e, doublet as depicted in Figure 2.9.
Double occupancy of an individual tp, level is strongly suppressed by Hund coupling
and electrostatic repulsion, so the three 3d electrons in Mn*" are spin aligned in the tog
levels (S=3/2). The Mn’" ion has one additional electron, which does not occupy a tag
level due to strong Coulomb repulsion and the Pauli Exclusion Principle, but instead
occupies one of the e, levels. This electron is also strongly Hund coupled and

therefore spin-aligned with the ty, triplet.

There is a further possible splitting of the t», and e, energy levels if manganese
undergoes a Jahn-Teller distortion. Under such a distortion, both the t,, and e, sets of
orbitals are split in energy, with the mean of each set remaining constant. A
schematic representation is shown in Figure 2.9. The Jahn-Teller distortion is only
energetically favourable if either of the t, or e, sets is partially occupied. This only
occurs for Mn®>* with its single e, electron. In a Jahn-Teller distortion the Mn-O bond

length is increased in the ¢ direction and increased slightly in the a-b plane.

The Mn-O bonds are primarily responsible for the electrical conduction
throughout the sample. In an octahedral environment, the orbitals in the Mn ty, triplet
(xy, yz and zx symmetries) have poor overlap with the oxygen 2p orbitals and are all
strongly localised. However, the e, orbitals (3z%-/ and x’—° symmetries) are more
diffuse and point towards the O 2p orbitals. The probability of overlap between a
Mn e, orbital and an O 2p orbital is sufficiently large for a hopping mechanism to be a
plausible method of conduction. The closer the Mn-O-Mn bonds are to being linear

and the shorter the Mn-O distance, then the better the overlap between the relevant
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(iii) after undergoing a Jahn-Teller distortion.
octahedron for Mn*" and Mn®"ions.
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orbitals, and the higher the probability of hopping occurring. The length and angle of
the Mn-O-Mn bonds is affected by the radii of the A-site cations.

2P
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Figure 2.9. A schematic diagram showing the relative energies of the Mn 3d orbitals
(i) in isolation, (ii) in an octahedral environment such as the MnOgs octahedra, and

(iv) The shape of the MnOg
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When an e, electron moves between adjacent Mn ions the Jahn-Teller induced
lattice distortion moves with it. This coupling between the lattice distortion and the e,
electron is known as a polaron. At room temperature, the polarons are free to move

throughout the crystal and the paramagnetic state is essentially a polaronic liquid [17].

2.2.3 Magnetic interactions

The magnetic properties of the manganites are largely determined by transfer of
electrons between the manganese and oxygen orbitals that point towards each other.
The direct overlap between the atomic manganese orbitals is small and the magnetic
interaction is mediated by intervening O 2p electrons. There are two important
interactions, namely double exchange and superexchange. These are discussed in

more detail below.

2.2.3.1 Double exchange

The basic idea of double exchange (DE) as a mechanism for electrical
conduction in the manganites was postulated by Zener [3]. In the initial model there
was the simultaneous transfer of one electron from a manganese 3d e, orbital to an
oxygen 2p orbital and transfer from the same oxygen 2p to a manganese 3d e, orbital
on an adjacent ion as shown in Figure 2.10. In this way the e, electrons are able to
mov