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Abstract

This thesis mainly describes investigations of the transport properties of mangan-
ite perovskite thin films exhibiting colossal magnetoresistance (CMR). The main
results are:

• With decreasing film thickness, the temperature of the transition from the
para- to the ferromagnetic state (Tc) decreases, while the resistivity increases.
The trend is the same regardless if the substrate imposes compressive or ten-
sile strain on the film. There are however, different reasons for the behavior.
Tc decreases for films under compressive strain due to the buckling of the
Mn-O-Mn bond. For films under tensile strain Tc change because of oxygen
deficiency, which appears in order to reduce the tensile strain.

• Depositing La0.75Sr0.25MnO3 on [110]-oriented SrTiO3 substrates induces an
in-plane anisotropy of the resistivity, defined as ρ[001]/ρ[11̄0], which has a max-

imum value of 25. This is found for a 2400 Å thick film at 90 K. Thinner
films show a lower anisotropy that increases with increasing thickness. These
properties can be explained from the grain structure of the samples which is
inferred from atomic force microscopy images.

• The anomalous Hall effect increases in ultrathin manganite films. Two films,
one 300 Å and one 42 Å thick, has been examined. The exponent α, from
the relation RS(T ) ∝ ρxx(T )

α is found to be smaller for the thinner film,
which can be explained from the tensile strain imposed on the film from the
substrate.

• Trying to find ways to increase the temperature coefficient of resistivity of
CMR films we tried growing them on vicinal substrates, and also on substrates
that had been treated with NH4F−HF (BHF). Although the results were not
very favorable, some interesting results were achieved and this work can be
used as a starting point for further experiments.

• A heterostructure of Pb(Zr0.52Ti0.48)O3 /La0.67Ca0.33MnO3 on a LaAlO3 sub-
strate exhibits coexistence of ferroelectricity and colossal magnetoresistance.
The dielectric permittivity was 720, the remnant polarization 17 µC/cm

2
and

the magnetoresistance was 28% at H = 0.5 T.

• Amorphous granular (CoFeB)-SiO2 thin films have been shown to exhibit a
mixture of anisotropic magnetoresistance (AMR) and giant magnetoresistance
(GMR). These samples also exhibits in-plane anisotropy of the resistivity and
the magnetic properties.
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Preface

This thesis is based on research done in the Condensed Matter Physics department
at the Royal Institute of Technology between February of 1998 and March 2003.

The first chapter gives a short history of the subject of colossal magnetoresis-
tance (CMR) and a brief overview of the class of materials to which they belong.
Chapter 2 gives an overview of the present knowledge of CMR materials. Chapter
3 introduces the topic of anisotropic and giant magnetoresistance in amorphous
granular metal-insulator films. Chapter 4 describes and discusses the experimental
methods that we have used. Chapter 5 contains a more thorough discussion about
the influence of substrates, strain and oxygen deficiency in thin CMR films. Chap-
ter 6 contains a summary of the included papers and manuscripts with comments
on my participation.

This thesis is based on the following publications and manuscripts:

1. “The dominance of stress anisotropy on giant magnetoresistance in nanos-
tructured La0.7Mn1.3O3 films.”
S. I. Khartsev, P. Johnsson, A. M. Grishin and M. Berkowsky. Manuscript
1998. The results were presented as a poster on the Nano-98 conference.

2. “Epitaxial ferroelectric/giant magnetoresistive heterostructures for magne-
tosensitive memory cell”
A. M. Grishin, S. I. Khartsev and P. Johnsson. Applied Physics Letters,
74(7), 1015, 1999.

3. “Colossal magnetoresistance in ultrathin epitaxial La0.75Sr0.25MnO3 films”
S. I. Khartsev, P. Johnsson and A. M. Grishin. Journal of Applied Physics,
87(5), 2394, 2000.

4. “Transport anisotropy in PLD-made La0.75Sr0.25MnO3 films”
P. Johnsson, S. I. Khartsev and A. M. Grishin. Material Research Society
Symposium Proceedings vol. 623, 2000.

5. “La0.75Sr0.25MnO3 thin films on 8◦ vicinal SrTiO3 substrates”
P. Johnsson, R. Brucas, S. I. Khartsev and A.M. Grishin. Manuscript 2003.
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6. “Improved quality of CMR manganite films by substrate treatment”
P. Johnsson, S. I. Khartsev and A. M. Grishin. Manuscript 2003.

7. “Transport anisotropy in hetero-amorphous (CoFeB)-SiO2 thin films”
P. Johnsson, S.-I. Aoqui, M. Munakata and A. M. Grishin. To appear in
Journal of Applied Physics, 93(10), 2003.

8. “The anomalous Hall effect in ultrathin La0.67Sr0.33MnO3 films”
P. Johnsson, S. I. Khartsev and A. M. Grishin. Submitted to Applied
Physics Letters, 2003.

9. “Hall-Measurement Setup”
Peter Johnsson. Manual 2003.

The following papers have been published or submitted, but is not included in
the thesis:

“Effect of high hydrostatic pressure on the ferroelectric properties of epitaxial
Nb:Pb(Zr0.52Ti0.48)O3 / YBa2Cu3O7−x nanostructures”
A. M. Grishin, S. I. Khartsev, P. Johnsson and K. V. Rao. Nanostructured Ma-
terials 12, 1141, 1999.

“In-plane Anisotropy in Hetero-Amorphous (CoFeB)-SiO2 Thin Films”
P. Johnsson, S.-I. Aoqui, K. Nötzold, J. Allebert, M. Munakata and A. M. Gr-
ishin. Material Research Society Symposium Proceedings vol. 754, 2003.

“Fluctuation-Induced Tunneling in Porous Thin Films of Tin-Doped Indium Ox-
ide”
J. Ederth, P. Johnsson, G. A. Niklasson, A. Hoel, A. Hult̊aker, P. Heszler, C.
G. Granqvist, A. R. van Doorn, M. J. Jongerius and D. Burgard. Submitted to
Physical Review B, 2003.

“Electro-optic properties of heteroepitaxial Pb(Zr,Ti)O3/La0.5Sr0.5CoO3 film struc-
tures”
Maria Ofelia Vieitez, Sergey Khartsev, Peter Johnsson and Alex Grishin. To
appear in Integrated Ferroelectrics 2003.



Acknowledgments

First I would like to thank Prof. Alex Grishin for giving me the great opportunity
to become a Ph.D. student and for doing his best to motivate and inspire me.
Second, my greatest gratitude goes to Dr. Sergey Khartsev for his constant help
in all experimental matters, and for listening to all my ideas and explaining why
it would never work only to return a day later to explain that it might work with
some clever changes and providing them.

I would like to thank all the present and former members of our group that I
had the pleasure to meet and work with. Especially my roommate Sören Kahl, who
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Chapter 1

Introduction

1.1 Overview

This thesis contains two different subjects. The major part is about so-called
colossal magnetoresistance (CMR). There is a smaller part about magnetoresistance
in amorphous granular (CoFeB)-SiO2 thin films.

Magnetoresistance (MR) is the phenomenon that the resistivity of a material
changes when it is in a magnetic field. The magnitude of the MR is usually defined
as

MR =
ρH − ρ0

ρ0
(1.1)

The magnetoresistance in the center of this thesis, the colossal magnetoresistance,
is negative, but usually only the magnitude is discussed. The term colossal was in-
troduced to distinguish this magnetoresistance from another type, the giant magne-
toresistance (GMR). GMR is a type of magnetoresistance that appears in magnetic
multilayers. It also exist in granular systems, and this is discussed in connection
with the amorphous (CoFeB)-SiO2 films in chapter 3.

A simple picture of CMR is that it is caused by charge carriers whose mobility
depends on the magnetic environment. When a sample of some material exhibiting
CMR is ferromagnetic the charge carriers can move relatively easy while the motion
is much more difficult when the sample is in a paramagnetic state. By applying
a magnetic field the sample becomes more magnetized and the current flows more
easily.

Our research has been done on thin film samples. There are a number of ad-
vantages of making research on thin films, as compared to ceramic or single crystal
samples. Depending on the deposition conditions, films from polycrystalline to al-
most single crystal quality can be made. Also the choice of film thickness and which
substrate to use opens up many possibilities to manipulate the materials.

The interest in the CMR-materials comes both from the basic scientific interest,
and a hope for useful applications. The CMR-materials exhibit a large range of

1



2 Chapter 1. Introduction

interesting physics and have been called a “laboratory for electron-phonon physics”
[1]. The most obvious application would be as a magnetoresistive sensor, but the
steep slope of the resistivity versus temperature curve also makes the material
interesting as sensor element in bolometers.

1.2 History

Usually the history of the CMR-materials starts with the 1950 papers by Jonker
and Van Santen [2, 3]. These papers describe measurements of polycrystalline
manganite samples with different compositions of La1−xDxMnO3 where D was Ca,
Sr or Ba. They measured the transport properties of the different compositions.

About one year later Zener published a paper that describes the interaction
between electrons in the d shells in ferromagnetic manganites [4]. This is the paper
where the idea of double exchange, which is believed to be the principal mech-
anism in these materials, was introduced. More work on double exchange was
done [5, 6, 7] and some more papers about perovskite manganites, see for example
[8] and [9], were published until the early 1990’s when the colossal magnetoresis-
tance was discovered. Von Helmholt et al. described the magnetoresistance in
La0.67Ba0.33MnO3, which was about 60% [10], and the interest really took off with
the papers by McCormack, Jin and others in 1994 that described findings of a mag-
netoresistance that exceeded 99.92%1 [11, 12]. This was at 77 K for a film made of
La0.67Ca0.33MnO3, and the effect was named colossal magnetoresistance.

When the CMR effect was discovered there was a great interest in trying to
utilize this effect in magnetic sensors. The success of the giant magnetoresistance
in multilayers, which went from discovery to be used as reading heads in hard drives
in less than ten years, fueled the enthusiasm. In later years, though, it has been
realized that it will be very difficult, or even impossible, to make the CMR effect
useful, the problem being that fields of several Tesla applied at low temperatures are
needed to reach the “colossal” magnetoresistance values reported initially. During
the attempts to understand the physics of the CMR many interesting properties
of the manganites was been discovered, e.g. charge ordering, phase separation and
half metallicity, and there is a continued interest in the manganites from a more
fundamental interest in the physics. Half metallicity is discussed briefly in section
2.7. Charge ordering and phase separation will not be discussed, here. There are a
number of reviews available, see for example [13, 14, 15].

Since 1994 when the CMR-term was coined there have been more than 1700
papers published about this effect.2

1In their report they used the definition of MR as ∆ρ/ρ(H) which gives a value of 127 000%.
2Search for “colossal magnetoresistance” on Science Citation Index Expanded done on March

31, 2003.



1.3. Perovskite manganites 3

1.3 Perovskite manganites

This section provides some background about the perovskite family of minerals to
which the CMR-materials belong.

Perovskites have the general formula ABX3 where A and B are metallic cations
and X is a nonmetallic anion [16]. X is usually oxygen. The structure is shown in
figure 1.1.

Figure 1.1. The perovskite structure. The ion in the center of the cube is the A-ion.
In the corners are the B-ions, and between them the oxygen ions (large spheres).

Ideal perovskites are electrical insulators, all the atomic sites are filled, and
strong ionic bonds keep the atoms and their electrons in place making it difficult
for electrons to move through the crystal. These materials have cubic symmetry and
are isotropic. More interesting physics arise when there is some slight distortion
of the perovskite structure. One way to visualize distortions is to look at the
perovskite structure as a metallic ion (A) at the center surrounded by octahedrons
at the corners of a cube. In the center of each octahedron there is a smaller
metallic ion (B), and at each corner of the octahedrons there is an oxygen anion
(X), see figure 1.2. Distortions are then seen as tiltings of these octahedrons. It
is known that the perovskite structure is only stable if the Goldschmidt tolerance
factor t, defined by t = (rA + rX)/((rB + rX)

√
2) (r is the radii of the ions),

approximately equals one [18]. For example, if the A cation is too small in relation
to the B cation the octahedras will tilt and twist and the symmetry will be lowered,
altering the electrical, optical, elastic, magnetic and other physical properties. The
result can be materials that are semiconducting, conducting (metallic, or ionic
conductivity) or superconducting. In some tilted perovskites the B cations remain
in the center of their octahedrons. In other perovskites the positions of the B cations
are shifted. This creates electric polarity in the crystals making ferroelectricity
possible. The probably best-known example is barium titanate (BaTiO3), which is
also a piezoelectric material.
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Figure 1.2. The perovskite structure with oxygen octahedrons. Deviations from
the ideal structure can often be viewed as tiltings of these. From [17].

Another way of altering the properties is to fill the cations sites with different
atoms. A commercially important example is PZT. These are compounds based on
lead titanate (PbTiO3) where some amount of titanium is substituted by zirconium.
PZT crystals have a very strong piezoelectric effect and are used in many devices
like loudspeakers, buzzers, pressure gauges and electrical filters.

Manganites are a family of materials of the general form LMnO3 where L is an
element from the lanthanide group as lanthanum or neodymium.



Chapter 2

CMR manganites

This chapter is intended to give an overview of the field of CMR-manganites, with
emphasis on the the fundamental knowledge about the materials.

2.1 Background physics

This section describes some of the physics and basic properties of CMR-manganites.

2.1.1 Electronic structure

The undoped lanthanum manganite has the chemical formula La3+Mn3+O2−
3 . The

configuration of the outer electrons in the manganese ion is 3d4. Each manganese
ions is surrounded by six oxygen ions, in an octahedral configuration, see section
1.3. Because of crystal field splitting, the five 3d orbitals divide into two sets. These
orbitals can be seen in figure 2.1, where the black dots represents the oxygen ions.
The dz2 and dx2−y2 orbitals are degenerate. They are denoted eg orbitals according
to the irreducible representations of the Oh point group. The three lower orbitals
are also degenerate. Their symmetry label is t2g . The eg orbitals are oriented
towards the neighboring oxygen while the t2g states have nodes in these directions.
This means eg orbitals can intermix with oxygen p orbitals.

There is a strong on-site Hund coupling that requires that all d electrons on a
Mn-ion must have the same spin. This means, for Mn3+ there will be three electrons
with the same spin in the t2g states and one in the eg state, with the same spin
as the t2g electrons. Another effect should also be considered. Certain electronic
configurations have a tendency to distort their environment, with a lengthened Mn-
O-Mn bond. This is a consequence of the Jahn-Teller theorem which states that an
magnetic ion in a crystal site of such high symmetry that its degeneracy is not the
minimum, will lower its energy by distorting the crystal in such a way as to lower
the symmetry enough to remove the degeneracy [19]. This is shown schematically in

5



6 Chapter 2. CMR manganites

Figure 2.1. The d orbitals of a Mn-ion in an octahedral site showing the orientations
of the eg and t2g sets. From [17]

figure 2.2. With an electron in the eg state this will lower the energy of the system.
In a doped compound, such as La1−xSrxMnO3, x% of La3+ will be substituted with
Sr2+ . This forces x% of the Mn3+ to change into Mn4+ , and there will only be
the three t2g electrons on these sites. In this case there is no Jahn-Teller distortion
since there is no gain in energy by distorting the crystal.

2.1.2 Double exchange

Double exchange was introduced by Zener 1951 [20] and he shortly thereafter used
it to explain the correlation between the electrical conductivity and ferromagnetism
[4] found by Jonker and Van Santen [2, 3]. The basic idea is that the two configu-
rations Mn3+ − O −Mn4+ and Mn4+−O−Mn3+ are degenerate which leads to a
delocalization of the electron on the Mn4+ site. The double exchange depends on
the transfer integrals between the Mn and O orbitals. This delocalization lowers the
energy of the system and there is thus an energy gain by aligning the t2g spins. For
doping levels where there is a large number of Mn3+ -Mn4+ pairs this will lead to
ferromagnetism. Zener found the following relationship between the conductivity
σ, the temperature T , the Curie temperature Tc, and the fraction of Mn4+, x:

σ ' (
xe2

ah
)(
Tc
T
) (2.1)

a is the lattice parameter, h is Planck’s constant and e is the electron charge.
Anderson and Hasegawa made a more extensive treatment of the double ex-

change, where they treated the t2g spins classically and the eg electron quantum-
mechanically and found that the effective transfer integral can be written as

t = b cos(θ/2), (2.2)
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Figure 2.2. The d orbital splitting without (left) and with the Jahn-Teller effect
(right). The left configuration occurs for a Mn4+ (d3) Mn-ion in an octahedral
environment. The right one occurs for a Mn3+ (d4) Mn-ion. The two upper states
are the eg levels while the three lower states are the t2g levels. From [17]

where b is the transfer integral depending on the spatial wavefunctions, and the
cosinus term is due to the spin wavefunction. θ is the angle between the t2g spins
of the neighboring ions [6].

Usually the perovskite structure is not perfect, meaning that the Mn-O-Mn
bond angle is not the ideal 180◦ . It is interesting to see how this effects the
ferromagnetic transition and the conductivity. An experiment in order to learn
more about this was made by Hwang et al. [21]. They compared the effect of
applying external pressure to the application of internal or chemical pressure. By
using different trivalent rare earth ions it is possible to vary the ionic radius of the
ion on the A-site of the perovskite. It was found that the temperature for the metal-
insulator transition, TMI increased with increasing A-site ionic radius, < rA >. If
the samples were put under isostatic pressure, the same kind of relationship was
obtained, TMI increased with increasing pressure. This was explained in terms of
the transfer integral b, which gives the overlap of the manganese d orbitals and the
oxygen p orbitals. The overlap integral has a maximum for a bond angle of 180◦.
However, all compositions had a Goldschmidt tolerance factor less than one and
thus had rotated oxygen octahedras. By increasing the A-site radius the rotation
of the octahedras becomes smaller and the Mn-O-Mn bond angle θ comes closer to
180◦. Applying external pressure has the same effect, but in a different way. The
decrease in cell volume caused by the isostatic pressure will reduce the ionic size
mismatch which will decrease the rotation of the oxygen octahedras getting θ closer
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to 180◦.

Undoped LaMnO3 is an isolator. In this compound all Mn-ions have one elec-
tron in the lower eg level. Because of the strong Hund coupling electrons moving to
another Mn-ion would have to go to the higher eg state. A fully doped manganite
such as CaMnO3 is also an isolator because there are no carriers in eg levels.

It has been shown by Millis et al. that the double exchange alone cannot make
correct quantitative predictions about the ferromagnetic transition and the CMR-
effect [22]. It was proposed that electron-phonon coupling due to Jahn-Teller dis-
tortions must be taken into account. There is a tendency to localize the conduction
band electrons as small polarons above the Curie temperature.

There is also strong experimental evidence of small-polaron formation from a
number of experimental techniques, for example, resistivity [23], Hall effect [24],
drift mobility measured by the traveling wave method [25], and neutron scattering
[26].

2.2 Crystal structure

In the literature, manganites have been described in cubic, tetragonal, rhombo-
hedral, hexagonal, orthorhombic and monoclinic unit cells. All these descriptions
however can be seen as distortion of the basic perovskite unit cell with a = 3.9 Å. If
there is a deviation from the Goldschmidt tolerance factor ideal value (see section
1.3), the crystal will lower its symmetry (for example by rotation of the oxygen
octahedra) and the new unit cell will be of some other type. For small deviations
from the ideal structure there will be a slight rhombohedral distortion. With a
larger misfit of the ionic sizes there will be a buckling of the MnO6 octahedra lead-
ing to an orthorhombic structure. The Jahn-Teller effect causes distortion where
the oxygen octahedra elongates in some direction [27]. The relations between the
different structures can be seen in figure 2.3.

When growing thin films, the crystal structure of the substrate will influence the
structure of the film. In many cases, and in all of our work, it has been sufficient
to describe the structure as cubic or tetragonal.

2.3 Electronic transport

In figure 2.4 the resistivity versus temperature for a typical thin film sample is
shown. The curve can be described as consisting of two regions. The region,
lower in temperature, where the resistivity increase with temperature, and the
high-temperature region to the right of the resistivity peak, where the resistivity
decreases with increasing temperature. The resistivity has a metallic behavior
(dρ/dT > 0) below the peak and a semiconducting behavior (dρ/dT < 0) above.
In the metallic region the sample is ferromagnetic and in the semiconducting region
it is paramagnetic. Some quantities that characterize the film can be found from the
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Figure 2.3. Relations between the different symmetries that are used to describe
the perovskite manganites. The cubic cell in the lower left corner with side a0 is
often used and called a pseudocubic cell. A tetragonal description can be made with
sides

√
2a0 and height 2a0. Also shown is the rhombohedral description which lies

centered around the space diagonal of the 2a0 cube. From [27]
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Figure 2.4. A typical resistivity versus temperature curve. This is from a
4000 Å thick La0.7Pb0.3MnO3 film on NdGaO3 substrate.
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resistivity versus temperature curve. One is the temperature of the peak resistivity,
Tp. Another is the temperature coefficient of resistivity (TCR),

TCR =
d ln ρ

dT
. (2.3)

The temperature at the maximum slope is sometimes called the transition tem-
perature, Ttr, since this position usually is close to the ferromagnetic ordering
temperature Tc.

The resistivity behavior of the manganites has been fitted into different formulas
with different degrees of success, and there is no general agreement on a single
formula that gives the best results.

2.3.1 Paramagnetic region

When Jonker and Van Santen [3] measured the resistivity of La1−xSrxMnO3 samples
they found that, above the Curie temperature, the resistivity, plotted as log ρ versus
1/T , followed straight lines, showing activated behavior,

ρ(T ) ∝ eE0/kT (2.4)

where E0 is the activation energy and k Boltzmann’s constant. The same behavior
has been reported by other groups as well [28, 29]. The following behavior has also
been suggested,

ρ(T ) ∝ TeE0/kT (2.5)

which is the resistivity for polaronic hopping. Yeh et al. argue that there are Jahn-
Teller polarons [30]. In an experiment where the resistivity was measured between
250 and 600 K (TC ∼ 240K) the behavior was fitted to

ρ(T ) = ρ0T
αeE0/kT (2.6)

with α equal to 1.6, identifying the behavior as non-adiabatic small polaron hopping
in most cases, and α equal to 1 in some cases. In all cases their data was best fitted
with some type of polaronic hopping [31]. Other groups have found that variable
range hopping (VRH) best describes the electronic transport. VRH was suggested
by Mott to describe transport at low temperatures when the electronic states are
localized near the Fermi energy [32]:

ρ = ρ0e
(T0/T )

1/4

. (2.7)

Coey et al. found that this kind of expression best fitted their data on a variety
of films, all with doping level of x = 0.3, but with Y, La or Nd as the rare-earth
metal, and Sr, Ba and Ca as the dopant [33].

To summarize, in the paramagnetic region there is clear evidence of activated
behavior, but there is no agreement on the exact form.
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2.3.2 Ferromagnetic region

In the ferromagnetic region the resistivity has been found to be quite well described
by [23]

ρ(T ) = ρ0 +AT 2 +BT 4.5. (2.8)

The T 4.5 term is caused by two-magnon processes and was derived in the work of
Kubo and Ohata [7]. They made a full quantum mechanical treatment of the double
exchange. Since the charge carriers at low temperatures are spin-polarized, first
order spin-wave interactions will decrease exponentially with temperature. Such
processes would give a T 2 behavior of the resistivity. Therefore it has been suggested
that the T 2 term comes from electron-electron scattering [34, 23]. Jaime et al.
have argued that minority spin states appear as the system disorders from the
ferromagnetic order. These minority states should then permit the first order spin
wave scattering that was prohibited according to Kubo and Ohata [35].

2.4 Magnetic properties

In 1955 Wollan and Koehler made extensive neutron diffraction measurements on a
series of ceramic La1−xCaxMnO3 samples [36]. Depending on the doping level the
samples showed different kinds of antiferromagnetic and ferromagnetic behavior.
The different magnetic structures they observed are shown in figure 2.5. There can

Fig. 1.1. (a) Arrangement of ions in the perovskite structure of manganites (from Tokura, 1999). (b) Possible magnetic

structures and their labels. The circles represent the position of Mn ions, and the sign that of their spin projections along

the z-axis. The G-type is the familiar antiferromagnetic arrangement in the three directions, while B is the familiar

ferromagnetic arrangement. Taken from Wollan and Koehler (1955).

the unit cell are shown in Fig. 1.1b, with the spins of relevance being those located in the manganese
ions). Theoretical work at approximately the same time, to be reviewed below, explained the
ferromagnetic phase as caused by an e!ect called `double exchangea (DE), and thus one of the most
interesting properties of these materials appeared to have found a good rationalization in the early
studies of these compounds. Perhaps as a consequence of the apparent initial theoretical success,
studies of the manganites continued in subsequent years at a slow pace.
The renewed surge of interest in manganites in the 1990s started with the experimental

observation of large magnetoresistance (MR) e!ects in Nd
��	
Pb

��	
MnO

�
by Kusters et al. (1989)

and in La
�
�
Ba

�
�
MnO

�
by von Helmolt et al. (1993) (actually Searle and Wang (1969) were the

"rst to report MR studies in manganites, which were carried out using La
���

Pb
�
MnO

�
single

crystals). Resistivity vs. temperature results for the (La,Ba) compound are shown in Fig. 1.2a,
reproduced from von Helmolt et al. (1993). The MR e!ect was found to be as high as 60% at room
temperature using thin "lms, and it was exciting to observe that this value was higher than found in
arti"cial magnetic/nonmagnetic multilayers, allowing for potential applications in magnetic

5E. Dagotto et al. / Physics Reports 344 (2001) 1}153

Figure 2.5. Possible magnetic structures of the perovskite manganites. The circles
represent manganese ions, and the sign indicates the direction of the projection of
the spin along the z -axis. From Wollan and Koehler [36].
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also be combinations of these structures.
The LaMnO3 end member was found to be antiferromagnetic (labeled A in the

figure), with ferromagnetic planes that had alternating directions of magnetization.
The other end member CaMnO3 was also found to be antiferromagnetic with each
Mn4+ surrounded by the six closest neighbors having opposite spin (label G). Other
doping levels gave other types of antiferromagnetic ordering, but in the doping range
of x ' 0.3 the samples were ferromagnetic (label B).

Different groups have made measurements of the magnetic states of manganites
as a function of temperature and doping. La1−xCaxMnO3 ceramic samples was in-
vestigated by Shiffer et al. [37] and Urushibara et al.measured La1−xSrxMnO3 single
crystals [34]. These phase diagrams are shown in figure 2.6. The CMR effect takes
place at the ferromagnetic to paramagnetic transition, with a doping level approx-
imately between 20 and 50%. The maximum Curie temperature is achieved with
a doping level of around 30%. Goodenough has explained the magnetic structures
for different doping levels in terms of different types of bonding, where some bonds
are ferromagnetic and others are antiferromagnetic or paramagnetic. This is de-
termined by the relative orientation of occupied and unoccupied orbitals of the
Mn-O-Mn pairs.

2.5 Colossal Magnetoresistance

Colossal magnetoresistance occurs when a sample in the paramagnetic semicon-
ducting state is subjected to a magnetic field and there is a phase transition to the
ferromagnetic metallic state. ρ(T ) at zero applied field and the magnetoresistance
measured at a field of 5 kOe, for a typical manganite film, is shown in figure 2.7.
The magnetoresistance has a peak close to the position of the maximum slope of
the resistivity curve. In order to have a large magnetoresistance there should be a
large change of resistivity with temperature and the transition temperature should
be highly sensitive to the applied magnetic field.

CMR can be understood with the double exchange in mind. When a magnetic
field is applied the t2g spins will align and make transport between Mn-ions possible.
At the Curie temperature both spin disorder and the magnetic susceptibility is large
which maximizes the effect of an applied field [38].

There is an inherent mechanism that makes the magnetoresistance and the
temperature coefficient of resistivity (TCR) larger at low temperatures, which is
simply that the metallic resistivity decreases with decreasing temperature, while the
semiconducting resistivity increases with decreasing temperature, thereby creating
a larger difference between the two states at lower temperatures.

Research has been done on three basic types of samples: single crystals, thin
films and bulk ceramic samples. An overview of the magnitudes of the CMR effect
for different kinds of samples is shown in table 2.1.

In order to have a sharp transition between the metallic and insulating state
the sample should be as homogeneous as possible so that all parts have the same
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Figure 2.6. Phase diagrams of La1−xSrxMnO3 (top) and
La1−xCaxMnO3 (bottom). In the top diagram open circles and filled triangles are
the Néel and Curie temperatures, respectively. For the La1−xCaxMnO3 diagram
filled circles are Néel temperatures and filled squares are Curie temperatures.
The open squares are the inflection points in ρ(T ). Abbreviations used (top) are
P-paramagnetic, I-insulator, F-ferromagnetic, M-metallic and CN-spin canted. In
the lower diagram the abbreviations are, PM-paramagnetic, FM-ferromagnetic and
AFM-antiferromagnetic. From [34] (top) and [37] (bottom).
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Figure 2.7. Resistivity and magnetoresistivity at 5 kOe versus temperature, for a
5000 Å thick La0.67Ca0.33MnO3 film on a LaAlO3 substrate.

Table 2.1. Some typical magnetoresistance values.

Type of sample Material MR
Single crystal [34] La0.8Sr0.2MnO3 82% at 15 T, 255 K
Film [10] La0.67Ba0.33MnO3 60% at 5 T, 300 K
Film [39] La0.67Ca0.33MnO3 99.99% at 6 T, 70 K
Film [11] La0.67Ca0.33MnO3 99.92% at 6 T, 77 K
Bulk [37] La0.75Ca0.25MnO3 80% at 4 T, 230 K
Bulk [39] La0.67Ca0.33MnO3 80% at 6 T, 70 K
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transition temperature. If there are grains, there will be regions between the grains
that have different transition temperatures because the material is distorted with
different Mn-O-Mn bond angles and lengths and different Mn4+ concentrations.
The resistivity curve for the whole sample is a superposition of the resistivity curves
for the different parts, and with different transition temperatures there will be a
broader transition.

2.6 The Hall effect in manganites

The Hall effect was discovered in 1879 by E. H. Hall. It is the appearance of a
voltage when a current is subject to an applied magnetic field. The origin is the
Lorentz force on the electrons.

In an experimental situation, the setup is usually arranged so that the magnetic
field, current and resulting Hall field are all perpendicular to each other. The
geometry is shown in figure 2.8. When the electrons in the current feel the Lorentz

Figure 2.8. Schematic view of a Hall experiment geometry. From [19].

force they are deflected in the y−direction. The increasing amount of electrons on
one side of the sample will cause a transverse voltage to build up. This transverse
field will counteract the Lorentz force from the magnetic field and eventually a
steady state will be reached. The current density is denoted jx, the magnetic field
Bz and the Hall field Ey. The magnetic induction B is used instead of the applied
field H, showed in the figure, since B represents the complete field acting on the
electrons. The quantity know as the Hall coefficient is then defined as

RH =
Ey

jxBz
. (2.9)
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By setting the force from the Hall field equal to the Lorentz force, the Hall
coefficient can be calculated, in the free electron approximation, to be

RH = − 1

ne
, (2.10)

where n is the carrier density and e is the charge of the electron.
There are three regions of Hall measurements, and they are determined by

the strength of the magnetic field and the scattering time. If the time between
scattering events is long, the electrons can complete many cyclotron orbits before
being scattered. In this case the dynamics of the electron trajectories is determined
by the topology of the Fermi surface. To achieve high-field conditions the sample
must be very pure and the measurements must be done at low temperatures. If the
scattering time is short compared to the cyclotron frequency,

ω =
eB

m
, (2.11)

where m is the electron mass, the electron only traverses a small part of the cy-
clotron orbit before being scattered and the Hall effect depends on the microscopic
details of the dominant scattering process. Between these two regions is the in-
termediate region. The different conditions are characterized by the value of the
cyclotron frequency times the relaxation time, ωτ . The low-field region is char-
acterized by ωτ ¿ 1, while in the high-field region ωτ À 1. ωτ ∼ 1 indicates
the intermediate region. With the magnetic field used in our Hall measurements,
2.2 Tesla maximum, and using an estimate of the relaxation time in manganites,
τ ∼ 10−16 [40], ωτ is found to be ∼ 10−2. This is estimated using a long mean free
path, and should be taken as an upper limit. Usually the value should be a couple
of orders of magnitude smaller. So, our measurements take place in the low-field
limit.

In CMR materials the Hall effect is usually not well described by the free elec-
tron model. Below the transition temperature the manganites are ferromagnetic.
In ferromagnets there is an anomalous Hall effect that is caused by scattering of
electrons from magnetic moments. Above the transition temperature the transport
is polaronic and takes place through hopping. These two regions will be discussed
in the subsections below, while the next section will discuss some of the Hall mea-
surements done on manganites.

2.6.1 The Hall effect in the ferromagnetic region

The Hall resistivity in ferromagnetic materials follows the phenomenological for-
mula

ρH = RHB +RSµ0M, (2.12)

where B is the magnetic induction in the sample and M is the magnetization. RH

is the ordinary Hall coefficient, and RS is the spontaneous Hall coefficient. This
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Figure 2.9. Typical behavior of the Hall resistivity as a function of B in a ferro-
magnet. From [41]. Observe that Gaussian units are used in the figure.
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coefficient is also called the extraordinary or the anomalous Hall coefficient. Typical
behavior of the Hall resistivity in a ferromagnet is shown in figure 2.9. It can be
seen that at low fields there is a sharp increase of the Hall resistivity, which is
caused by the increase in magnetization. The anomalous Hall coefficient is often
much larger than the ordinary coefficient. After the magnetization has saturated,
the normal linear Hall effect takes over. The intersection of a linear fit, at high
fields, with the y-axis will give the value of the anomalous Hall effect at saturated
magnetization, µ0MsRS .

Many models have been proposed to explain the anomalous Hall effect. A
good, not too theoretical, overview is given by Hurd [41]. The general idea is that
scattering involving a spin-orbit coupling, gives rise to a preferential scattering
direction causing the transverse Hall voltage. It is the question of what type of
scattering and what type of spin-orbit coupling that best describes the experimental
results, that has produced the many models.

In manganites there are usually two models that are discussed for the Hall effect
in the ferromagnetic region. One is skew scattering [42, 43] and the other is the
so called side-jump mechanism [44]. Both theories connect the spontaneous Hall
coefficient with the longitudinal resistivity in the form

RS(T ) ∝ ρ(T )α. (2.13)

For skew scattering α is equal to 1 and for side-jump it is equal to 2. Both types
of scattering depend on the existence of a net magnetization in the sample, but
the side-jump also depends on the mean free path. Side-jump is a non-classical
effect that becomes important when h̄/εF τ is “not very small” [44]. εF is the
Fermi energy. The size of the side-jump, ∆y, is approximately 10−10 m, regardless
of the details of the scattering potential. With shorter mean free path, meaning
more scattering events, the number of side-jumps increase. Skew scattering, on the
other hand, depends on the sign of the potential. Since phonons can be modeled as
potentials varying in sign, scattering from phonons should make small contributions
to the skew scattering. This would imply that at increasing temperatures the side
jump increases while the skew scattering does not. It has been found that skew
scattering is mainly observed below 100 K in pure materials, while side-jump is
more common at higher temperatures in materials of high resistivity [45].

2.6.2 The Hall effect in the hopping region

The information in this section comes, unless otherwise stated, from a paper by
Lyanda-Geller et al. [46]. This paper contains a good overview of the progress of
understanding of the Hall effect in manganites at temperatures above and around
the ferromagnetic transition.

It is believed that the transport above the transition temperature takes place
through hopping of polarons. The theories developed about polaronic transport
by Holstein, Friedman and Emin, state that both the longitudinal and Hall resis-
tivity should exhibit activated behavior and there should be a definite relationship
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between the activation constants for these resistivities. This was examined for man-
ganites at temperatures much above the transition temperature and found to be
correct [24]. However, more recent measurements, extending into the transition
region, shows that the polaronic model fail. At approximately 1.4 Tc there is an
abrupt change in the activation energy, from the polaronic value to a much larger
value. Lyanda-Geller et al. has proposed a model based on localization caused by
magnetic and nonmagnetic disorder, influence of a spin-generated geometric phase
(Pancharatnam phase) and Dzyaloshinskii-Moriya spin-orbit coupling that gives
the following expression for the Hall resistivity,

ρxy = ρ0xy
m(1−m2)2

(1 +m2)2
, (2.14)

wherem is the the magnetization divided by the saturation magnetization,M/Msat.
This model seems to describe the behavior near and slightly above the transition
temperature.

2.6.3 Measurements on CMR materials

This section describes results obtained from Hall-measurements on CMR materials.
Wagner et al. examined thin films (2600 Å) of Nd0.5Sr0.5MnO3 [47]. The motiva-
tion for their work was to learn if the CMR was caused by an increase in carrier
density or mobility. They measured the Hall effect and found that the slope of
Hall resistivity versus field, at fields where the anomalous part had saturated, was
constant up to 12 T. At the same time the decreasing longitudinal resistivity did
not saturate, meaning that the colossal magnetoresistance comes from an increase
in the mobility. The high-field slopes indicated a hole density of 0.49 holes per
unit cell, in excellent agreement with the expection from the chemical doping, 0.5.
At higher temperatures the hole concentration decreased to around 0.3 holes per
unit cell. Further, they found that the intersection of the linear extrapolation of
ρxy at high fields with the ρxy-axis, which is proportional to the anomalous Hall
coefficient, decreased in magnitude with decreasing temperature, and reached zero
at low temperatures. This agrees with the proposition that in a ordered magnetic
structure there should be no asymmetric scattering [43]. They also found that
equation 2.13 holds with α = 1.74. In order to get this they used ρxx − ρ0, where
ρ0 is the part of the resistivity that comes from scattering events without left-right
asymmetry.

In most cases the values of the charge carrier concentration found from Hall
measurements in the manganites are different from what is to be expected from
the chemical doping. Values are usually around 1-2 holes per unit cell. Jakob et
al. explained this in terms of charge carrier compensation [31] using band-structure
calculations made by Pickett and Singh [40]. For La0.67Ca0.33MnO3 Pickett and
Singh found that there exist a majority band with 0.55 holes per unit cell and
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a minority band with 0.05 electrons per unit cell. The existence of two types of
carriers suggests the use of the following two-band model,

RH =
(nhµ

2
h − neµ

2
e)

e(nhµh + neµe)2
, (2.15)

where the n’s and µ’s are the charge carrier concentration and mobilities respec-
tively for the holes and electrons. It is commonly found that the carrier concen-
tration from Hall-measurements decreases with increasing temperature up to the
transition temperature [48, 47]. This can be explained from the different types of
transport above and below the transition temperature. At low temperatures the
carriers are itinerant, but with increasing temperature they become localized and
the carrier concentration decreases.

The relationship between RS and ρxx has been examined by Asamitsu et al. for
crystals of La1−xSrxMnO3, with x=0.18, 0.30 and 0.40 [49]. For x=0.18 α changed
from 2 at low temperatures to 1.2 at higher temperatures. The other compositions
showed α=1.2-1.6. Jakob et al. found α = 1.56 for La0.67Ca0.33MnO3 thin film
samples in the ferromagnetic regime, from 50 K - 230 K, indicating a mixture of
skew scattering and side-jump.

2.7 Half metallicity and spin electronics

In recent years there have been a large interest in so called spin electronics, see for
example [50, 51, 52, 53]. The basic idea is to use the different spin of the electrons
to manipulate currents, in analog with the way currents in semiconductors are
manipulated differently depending on them being holes or electrons. To enable
such devices it is necessary to find materials that are spin-polarized. Itinerant
ferromagnets such as iron, nickel and cobalt have this property. Spin-polarization
occurs when there is an uneven population of spin-up and spin-down electrons at
the Fermi level. This is shown schematically in figure 2.10 The degree of spin-
polarization, P , can be defined as

P =
n↑ − n↓
n↑ + n↓

, (2.16)

where n↑ (n↓) is the density of the majority spin (minority spin) electrons at the
Fermi level. The spin polarization of the elemental ferromagnets is 44% (iron),
11% (nickel) and 34% (cobalt). On the right of figure 2.10 the density of states
for a half metal is shown. In half metallic materials there is a gap between the
Fermi energy and the lowest lying minority spin states, making the spin polariza-
tion 100%. Since the transport in CMR-manganites is largely determined by the
double exchange mechanism they should have a strong degree of spin-polarization.
Measurements on La0.7Sr0.3MnO3 (LSMO) using superconducting point contacts
have found the spin-polarization close to 85% at 4.2 K [54]. A possible device
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Figure 1. Spin splitting of the density of states (ρ) in a ferromagnet
due to the exchange field.

from a ferromagnet to a paramagnet by tunnelling through
an insulator, this current is also polarized due directly to the
density of states asymmetry. FM elements may thus be used as
spin-polarized current sources in spin-electronic circuits. Most
spin-electronic phenomena are based on either one or both of
these asymmetries (whose common origin is the band structure
splitting) prevailing in the relevant physical system [1].

2.1. Spin asymmetry: density of states asymmetry versus

mobility asymmetry

In fact, the two asymmetries often compete with one another
in spin electronics. The Fermi surface in most FM materials
contains components which have both s- and d-character.
The s-like effective masses are small compared to the d-like
masses and so any current that flows is primarily mediated by
s-electrons. However, the d-electrons are significantly split by
the exchange interaction and as a result present very different
densities of states into which the s-electrons may be scattered.
Thus, from figure 1, the down s-channel (whose spin type has
a large d density of states at the Fermi energy) suffers the
most scattering and hence has lower mobility than the other
s-channel: this latter consequently carries most of the current.

Thus in a system with s- and d-like character at the Fermi
surface, the tendency is for the current to be carried by the
minority carriers (where ‘minority’ is taken to mean those
with the lower density of states at the Fermi energy, and this
convention will be used throughout this paper) whereas in a
half-metallic ferromagnet (see next section), the current may
only be carried by majority carriers. This conflict between the
two types of asymmetry is one reason why spin-tunnel devices
(section 6) have an advantage over their competitors since
they exploit only the density of states asymmetry; hence, the
mobility asymmetry has no chance to compete and reduce the
overall device performance. This has direct relevance to the
question of spin injection into semiconductors.

2.2. The half-metallic ferromagnet

In the extreme limit of spin asymmetry lies the half-metallic
ferromagnet [2] in which the band structure splitting is such
that only one spin channel has available states at the Fermi
surface and hence all current must be carried by these so-called
majority spins. Practical examples include chromium dioxide

Figure 2. Schematics of the difference in the densities of states
between a ferromagnet and a half metallic ferromagnet.

Figure 3. Illustration of the spin accumulation at the
ferromagnet/paramagnet interface.

(CrO2), lanthanum strontium manganite (La0.7Sr0.3MnO3)

and some Heusler alloys. In reality, obtaining half-metallic
spin-electronic behaviour is fraught with problems mainly to
do with the interfaces. Conversely, some materials whose
bulk electrical conduction deploys both spin channels may,
due to hybridization, form half-metallic interfaces with other
materials.

2.3. Spin injection across an interface: spin accumulation

Now that we have considered the basic principles behind
the origin of spin asymmetry, we can briefly consider an
important phenomenon which lies at the heart of early spin-
electronic devices. Providing one carrier spin type is dominant
in the electrical transport of a ferromagnet, when a current
is passed from this ferromagnet to a PM metal such as
silver or aluminium, it brings with it a net injection of spin
angular momentum and hence also of magnetization [3]. The
magnetization which builds up in the new material is known
as a spin accumulation (figure 3). Its size is determined by the
equilibrium between the net spin-injection rate at the interface
and the spin-flipping rate in the body of the paramagnet. It
follows that the spin accumulation decays exponentially away
from the interface on a length scale called the ‘spin diffusion
length’.

R122

Figure 2.10. Density of states in a ferromagnet (left) and a half metallic ferromag-
net (right). From [53].

that utilizes the spin-polarization is ferromagnetic-insulator-ferromagnetic tunnel-
ing junctions. These can be used as very sensitive magnetic-field sensors. The
tunneling magnetoresistance is given by

∆R

R
=

1 + P 2

1− P 2
− 1, (2.17)

which would be infinite for 100% spin-polarized ferromagnetic layers [52]. An
LSMO/SrTiO3 /LSMO tunnel junction built by a group at IBM showed a magne-
toresistance of 400% at 4.2 K when a field of a few hundred Oerstedt was applied
[55]. A problem is that the magnetoresistance decreases rapidly with increasing
temperature [56].

There are many other promising ideas for spin-electronic devices and CMR-
manganites is one of the most promising candidates to be used, but there are many
fundamental and technological problems that should be solved before useful devices
can be manufactured.
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Magnetoresistance in
amorphous granular films

3.1 Introduction

In one project, we examined the resistive and magnetoresistive properties of amor-
phous granular (CoFeB)-SiO2 thin films. This chapter briefly describes some of the
physics that is used to analyze such materials.

3.2 Anisotropic magnetoresistance

Anisotropic magnetoresistance (AMR) appears in ferromagnetic materials, and is
the dependency of the resistivity on the relative orientation of the magnetization
and the current. ρ|| is the resistivity when the current is parallel to the magneti-
zation, and ρ⊥ when they are perpendicular. The anisotropic magnetoresistivity is
defined as

∆ρ ≡ ρ|| − ρ⊥. (3.1)

The theoretical basis for this effect is spin-orbit interaction and d-band splitting.
It is complicated to make predictions from the theory and it will not be discussed
here. A review about AMR, containing both theoretical and experimental results
has been written by McGuire and Potter [57].

3.3 Giant magnetoresistance

Giant magnetoresistance (GMR) was first observed in metallic multilayers in 1988
[58]. For a review see for example the one by Dieny [59]. These multilayers consist
of ferromagnetic layers that couples through nonmagnetic layers. Depending on the
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thickness of the nonmagnetic layer the coupling can be ferro- or antiferromagnetic.
There is a different distribution of electrons in the up- and down-spin bands in the
ferromagnetic layers. Because of the difference in the number of free states close
to the Fermi surface for the spin-up and spin-down electrons, one type of electrons
will have a lower scattering rate (there are fewer available states to scatter into).
This means that electrons with their spins aligned with the magnetization will
have longer mean free paths and be the dominating part of the current. Now, if
the ferromagnetic layers are anti-ferromagnetically coupled, the resistivity will be
high, since the majority spin in one layer will be the minority spin in the adjacent
layer. If a magnetic field, stronger than the antiferromagnetic coupling is applied,
the different layers will align, and the majority spin electrons can move through
the structure and the resistivity will decrease. These kind of structures are now in
use as reading heads in hard-drives.

A few years after GMR was observed in metallic multilayers it was shown that
it also exists in nonmultilayered granular systems [60, 61]. The first results were
obtained from measurements on ferromagnetic particles embedded in a metallic
matrix. In 1995 came reports on systems with an insulating matrix [62, 63]. With
respect to the magnetoresistance the results in metal-metal systems and metal-
insulator systems are quite similar [64]. The resistivity behaves differently, though.
In metal-metal systems the electrical conduction mechanism is the same regardless
of composition. The resistivity of the alloy is higher than for pure metals, because of
the scattering on grain boundaries. In a metal-insulator system there are different
conduction mechanisms depending on the metallic concentration. If there is a
low volume concentration, the metallic grains (the words grains and particles are
used interchangeable here) are isolated and intergrain transport is by hopping via
thermally activated tunneling, thus exhibiting a negative temperature coefficient
of resistivity (TCR). With increasing metallic content the grains will eventually
form connected paths. The sample will then start to show a metallic behavior with
a positive TCR, but the resistivity will be orders of magnitude higher than for a
normal metal because of dielectric inclusions and grain boundaries [64].

The majority spin electrons in the ferromagnetic grains will only be able to
hop between grains if the magnetization of the grains is in the same direction. If
the thermal energy is higher than the interaction energy between the grains the
magnetization directions will be random and intragrain transport will be hindered.
However, an applied field can align the grains and enable transport, and thus create
a large change in resistance with applied field. This is GMR in granular systems.

3.4 Magnetism and transport in granular materi-
als

It has been shown that if a ferromagnetic particle is below a critical size, it will
consist of a single domain. For typical material parameters the critical size is
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estimated to approximately 10−8 m [65]. The reason is that below the critical size
the energy required to have domain walls is higher than the magnetic-field energy
without them. This leads to a system with single domain particles that is described
by the same laws as paramagnets. Such systems are called superparamagnetic.

The direction of the magnetization of the individual single-domain particles is
determined by the magnetic anisotropy of the particles. The anisotropy can come
from the shapes of the particles, imposed stress or crystalline anisotropy. At low
temperatures the magnetization axes of the particles will be randomly oriented and
frozen in [66]. At higher temperatures the thermal energy will be higher than the
anisotropy barrier and the magnetic axes of the particles will fluctuate randomly,
and the system will behave as a superparamagnet.

Transport in granular metals is largely determined by Coulomb forces. It re-
quires an non-neglible energy to add or remove an electron from a neutral micro-
scopic grain. In such, and similar systems, for example discontinuous metal films,
the resistivity is observed to behave as

ρ ∝ exp(
T0
T )1/2

. (3.2)

There have been many models proposed that explains this behavior, but as is dis-
cussed by Pollak and Adkins [67], most of them are questionable in some way. They
favor a model with conduction by sequentially correlated hopping. More recently
Lin et al. has modified earlier theories and shown them to compare reasonable with
data [68].

3.5 Transport in amorphous metals

To align the magnetic moments of the granules it is necessary to overcome the
magnetic anisotropy of them. This anisotropy increases the coercive field required
to change the direction of the magnetization. In many practical applications it is
desirable to minimize the coercive field. One way is to make amorphous materials.
They lack crystalline structure and thus there is no magnetocrystalline anisotropy.
The transport properties of crystalline and amorphous metals differs greatly. This
is a large subject and only a few concepts will be touched upon here.

In a crystalline metal the electrons are delocalized. In amorphous metals, there
is no periodic structure and the electrons tend to be more or less localized. The
concept of localization by random disorder was first discussed by Anderson in 1958
[69]. It was later pointed out by Mott that if the degree of disorder is not large
enough to cause full localization (localizing all electronic states), the states with
lower energy will be localized, while above some energy EA they are not. Electrons
can then move if they are thermally excited above this energy, called the mobility
edge. This is called conduction by excitation to the mobility edge and the resulting
resistivity is [70]

ρ = ρ0 exp(
EA − EF

kBT
), (3.3)
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where EF is the Fermi energy.
Another idea brought forward by Mott is that of variable range hopping (VRH).

A localized electron can receive energy from a phonon and move to a nearby local-
ized state. This process is called thermally activated hopping. There are two factors
that determine the probability of such a process. The energy difference between the
two states and the distance between the states. Increasing these factors decreases
the probability for hopping. First it was believed that the electrons would only
hop to the nearest states (nearest neighbor hopping), but Mott suggested that the
electrons could hop longer distances if the energy difference between the initial and
final state was lower than for the closer states. Therefore the process was called
variable range hopping. The resistivity will behave as

ρ ∝ exp(
B

T
)1/4, (3.4)

where B is a constant.
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Experimental

4.1 Pulsed Laser Deposition (PLD)

If not otherwise stated the information in this section comes from the book by
Chrisey and Hubler [71].

4.1.1 Introduction

In pulsed laser deposition (PLD) a laser is used to shoot laser pulses at a target.
If the target is a dielectric the laser pulse will establish an electromagnetic field
inside the material and cause electrical breakdown, creating a plasma. If the target
is metallic the energy in the laser pulse will be absorbed by the free electrons and
transferred to the lattice and the material will be vaporized, if the energy is high
enough. A “plume” of material moving away from the target is formed. The plume
consists of a mixture of atoms, molecules, electrons, ions, clusters and micron-sized
particulates. It is very forward oriented since this is the only direction where there
is a clear path. In all other directions the species in the plume will be scattered
against each other. Only one layer of the target is vaporized for each laser pulse.
This is because the ablated material will absorb the remaining energy of the pulse,
and shadow the layers beneath. The laser-target interaction is a highly complex
process and there is at present no model that can describe the whole process.

If a substrate is placed in the plume, a thin film will be formed on the surface.
PLD is a quite simple technique and the fact that the power source for the ablation
(the laser) is positioned outside of the deposition chamber makes the system easy
to work with and makes it especially suitable for deposition which requires a back-
ground gas, since the presence of this gas does not influence the vaporization of
the target. One usually distinguishes between passive and active background gases.
A passive gas is used to compensate for loss of some constitutive element, like us-
ing an oxygen background during deposition of oxide films. In deposition with an
active gas the ablated material chemically reacts with the gas before hitting the
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substrate. A third possibility is the use of an inert passive gas, which is used only
to slow down fast species.

The first experiment with PLD was done in 1965 by Smith and Turner using a
ruby laser to deposit thin films of semiconductors, dielectrics and other materials
[72]. The development of the technique was quite slow and followed the improve-
ments in laser technology. The reason is that it is important to have short laser
pulses with high power density to achieve congruent ablation of the target material.
The key is to vaporize a layer of the material without heating the layers below. If
the layer below is heated into a liquid, so called splashing can take place. This is
when the recoil pressure of the shock wave of the plume causes a “splash” in the
liquid layer and droplets are formed. These droplets are molten micron-sized partic-
ulates that will be expelled into the plume. This significantly lowers the quality of
the film. Even if the surrounding layers are not liquefied there can be problems by
the heating. Some of the elements in the target with a lower temperature required
for vaporization might be ablated before the other elements. To avoid these kind of
effects it is important to have short pulses with a high power density. Also, using a
shorter laser wavelength decreases these problems. The reason is that most mate-
rials used for deposition have absorption coefficients that increase with decreasing
wavelength1. Therefore shorter wavelengths reduces the absorption depth and thus
splashing. Another process with similar result as splashing is exfoliation, which
occurs when microstructures, formed by the laser irradiation of the target, are bro-
ken by thermal shock and ejected into the plume. A number of solutions have been
applied to avoid splashing and exfoliation. One solution is to use a mechanical filter
in the form of a rotor rotating at some speed which will only permit particles below
a certain size to pass, since smaller particles have a higher speed. As discussed, it
is also possible to reduce splashing by adjusting the processing parameters.

During the 1970s two major developments were made that improved the PLD
technique. One was reliable electronic Q-switches that made the generation of
very short pulses possible, and the other was the high-efficiency second harmonics
generator making shorter wavelength radiation possible. These two technologies
are used for Nd3+:YAG lasers. Today excimer lasers are also widely used.

The interest in PLD really took off with the successful growth of high tempera-
ture superconductors (HTSC). This process was greatly enhanced by the group at
Bellcore in 1987 [73], and in the same year more than 10 times as many papers, as
all the combined publication in the previous 25 years, were published.

4.1.2 Film growth

The intention of this section is to present a basic picture of the different processes
that take place when a film grows on a substrate, in order to understand the
influence of different deposition parameters on the film growth process.

1For metals, the opposite is true. The absorption coefficient is larger for longer wavelengths.
However, the reflectivity of the metal increases with longer wavelength, making shorter wave-
lengths better anyway.
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The following things can happen to an ablated atom. It can be deposited on
the substrate or on a already deposited cluster of atoms. There is a possibility that
it will re-evaporate from there. If the atom is on the substrate surface it can diffuse
until it becomes attached to a cluster or form a new cluster with other diffusing
atoms. If it is attached to a cluster it can dissociate from this. All these processes
are shown in figure 4.1.

Figure 4.1. Possible processes during deposition. From [71].

4.1.3 Advantages of PLD

• The most important advantage is the possibility of congruent transfer of ma-
terial. This is possible, even for complicated materials, like the HTSC’s.

• The method is highly versatile. With laser wavelengths below 250 nm, virtu-
ally any material can be ablated.

• Another very important factor is the simplicity of the system, both practically
and conceptually.

• The acceptable range of reactive gas pressure is the largest for any deposition
method. Pressures between 10−9 and 1 Torr are possible.
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• It is possible to control the kinetic energy of the particles.

• It is easy to make multilayer films by changing targets under the laser beam
(e.g. using a rotating target holder).

• The beam-target interaction is relatively independent of other process param-
eters.

• The spatial extension of the plume is small, making PLD a clean process, e.g.
there is little contamination of the chamber walls.

• It is a quite inexpensive method. The largest cost is for the laser, but by using
optics it is possible to use the same laser system for more than one chamber.

There are some problems. The relative smallness of the plume makes large area
deposition difficult. Another problem is droplets caused by splashing or exfoliation,
which was discussed in the introduction.

4.1.4 Processing parameters

The main processing parameters are listed below. One should maybe also include
the properties of the target since such things like the density and degree of smooth-
ness of the surface will affect the quality of the film, but this will not be discussed.
Neither will effects caused by changing the wavelengths of the laser be discussed
since, with a given system, the wavelength is fixed. The deposition parameters are
then

• Laser power density

• Repetition rate, i.e. time between laser pulses

• Substrate temperature

• Distance between target and substrate

• Background gas pressure

Increasing the power density from zero, nothing will happen until the power reach
some threshold and material will start to be ablated. The amount of ablated
material will increase with increasing power, reaching saturation when a full layer of
the target has been ablated. The energy of the ablated material will increase with
increasing power also after the amount of ablated material has ceased to increase.
The laser power density is usually between 105− 108 W/cm2. What power density
to use depends on the situation. With increasing power the ablated atoms will have
higher kinetic energy. This can be an advantage because the atoms upon hitting
the substrate can, if it hits a cluster of already deposited atoms, transfer energy to
these atoms, making them rearrange in a more ordered way. On the other hand,
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highly energetic atoms may also cause defects in the substrate and deposited film.
The velocity of the impinging atoms also depends on the background gas pressure.

The repetition rate can effect the quality of the film. The argument is that
one should allow time for the last deposited material to settle in a good way on
the substrate before ablating the next layer [74]. In other experiments it has been
found that ferroelectric films made at some temperature can be made with the same
quality at a lower substrate temperature if the duration between pulses are shorter
[75].

The substrate temperature is another parameter. Heating the substrate will give
additional energy to deposited atoms. They can then move around the substrate
longer to find the most favorable site. This can give a more homogeneous, relaxed
and defect-free film. As discussed, a similar effect can be reached by increasing the
energy of the ablated species. The upper limit of substrate temperature is often
set by technological considerations. In an oxygen background materials that are
heated too much will burn. Also, with high substrate temperature the degree of
interdiffusion between substrate and film increases. However, higher temperatures
does not automatically make better films. If the surface energy of the film is
larger than the surface energy of the substrate it is energetically more favorable to
have a large substrate surface. In this case, the energy provided by the substrate
temperature will enable the atoms on the surface to find other film atoms, and the
film will grow in separated clusters.

The pressure of the background gas influence the quality of the film. When
depositing oxides it is necessary to have a background of oxygen to get the right
stoichiometry of the film. Oxide films made in vacuum are usually oxygen deficit. A
high gas pressure increases the amount of large particulates in the plume, because
larger gas pressure means more scattering between the species in the plume and
the background gas, and the ablated material loose energy and eventually becomes
thermalized. This means that it takes longer time for the ablated material to reach
the substrate and there is an increased probability for the species to collide with
each other and form larger particulates, which will make a film of lower quality.

The target-substrate distance can influence the film in the same manner as the
background gas pressure. If the distance is large, the time to reach the film is longer
and there is more time to form large particulates. The effects of target-substrate
distance are closely related to the background gas pressure. A large pressure will
decrease the size of the plume. This will also affect another aspect of the target-
substrate distance, the angular spread of the plume. At different distances from the
target the shape and angular spread of the plume is different. This is also affected
by the degree of focusing of the laser. If the laser spot hitting the target is highly
focused the result will be more collimated jet with small angular spread, while
a slightly defocused laser beam will cause a larger angular spread in the ejected
material.
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4.1.5 A PLD system

I will describe the system we have used to make our samples. In figure 4.2 a
schematic of the system is showed.

KrF excimer laser beam
(

�
 = 248 nm)

Fused Quartz lens

Quartz window

Turbo-Molecular
Pump

Target

Target holder and rotator
Laser induced Plume

Process Gas Inlet

Substrate

Heater and
Substrate Holder

Target-sub distance
controller

                  Fig 3-1. Pulsed Laser Deposition systemFigure 4.2. A schematic of our PLD system. From [75].

The laser is a KrF excimer laser (Lambda Physik LPX 305iCC) with a wave-
length of 248 nm and a pulse duration of 25 ns. The energy density per pulse can
be varied between 60 mJ/cm2 ± 10% for 1 cm2 spot size, to 6 J/cm2 ± 10% for a
0.08 cm2 spot2. The maximum pulse repetition rate is 50 Hz, achievable at energies
between 60 mJ and 1 J per pulse.

The system is pumped by a Varian turbomolecular pump. The system is usually
pumped to 10−7 Torr before deposition.

The substrate heater is homemade, and provides temperatures up to 850 ◦C ,
with a uniformity of ±5◦C . It can operate in oxygen atmosphere as well as under
UHV conditions.

2The energy density from the laser is actually higher (∼ 12 J/cm2) but losses in the optics
that guide the laser to the chamber reduces this value.



4.2. X-Ray diffraction (XRD) 33

4.1.6 Deposition conditions used for manganite films

The deposition parameters have been determined in order to optimize the films
with respect to the following criteria

• The temperature of the phase transition should not be lower than for a bulk
sample. This means that there is no decrease in oxygen content during the
deposition.

• The sharpness of the phase transition, TCR, should be maximized.

• The magnitude of the magnetoresistance should be maximized.

• The ratio between peak resistivity and low temperature resistivity should be
maximized.

With these criteria in mind the optimal (or close to) conditions for deposition of
La0.75Sr0.25MnO3 were investigated. For manganites of other compositions, other
conditions are required. It was found that the following gives the best result[76]:

• Laser energy density: 3-4 J/cm2.

• Repetition rate: 30 Hz. Good results have been reached with values between
10-40 Hz.

• Substrate temperature: 730 ◦C. This parameter can be varied ±10 ◦C, but
larger deviations will result in a less sharp phase transition.

• Target-substrate distance: 55±5 mm. Shorter distance will give a less sharp
phase transition. This parameter is closely coupled to the gas pressure.

• Oxygen background pressure: 200 mTorr. Values up to 400 mTorr are okay.

Under these conditions, the typical deposition rate is 0.4 Å/s.
To achieve a high quality film, in-situ post-deposition annealing is essential.

This will usually increase the temperature of the phase transition, and make it
sharper. The resistivity drops 2-5 times by annealing. The temperature during the
annealing was the same as during the deposition, but with an oxygen pressure of
500 Torr.

4.2 X-Ray diffraction (XRD)

When an electromagnetic wave enters a crystal it will be scattered by the elec-
trons inside. For certain angles of incidence there will be constructive interference
between the different scatterers, but for most angles destructive interference will
cancel the diffracted beams. By measuring at which angles the constructive inter-
ference occurs it is possible to learn about the geometrical ordering of the atoms
inside the crystal.
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4.2.1 Uses of XRD

XRD is a useful nondestructive method of structure analysis. The most common
uses of XRD in our type of work is:

• Check if the sample consist of a single phase.

• Check the crystallinity of the sample. Is the sample polycrystalline or a single
crystal?

• Check if the film is epitaxial.

• Texture measurements.

• Measure the size of the lattice parameters.

4.2.2 Diffraction conditions

I will first present the Laue derivation of the diffraction conditions, following Kittel
[77]. In figure 4.3 the geometry used is showed.
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Figure 4.3. Geometry for the x-ray diffraction derivation. d is the position of the
scattering atom relative some origin. The position of the detector measured from
the scattering atom is r, and R measured from the origin. The size of the crystal is
extremely exaggerated. In the derivation (and in reality) RÀ d.
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First assume that the frequency of the incoming and outgoing radiation is the
same. This also means that the magnitude of the wavevectors of the incoming and
outgoing waves are the same.

ω′ = ω, k′ = k. (4.1)

The incident electromagnetic wave has the form

E(x) = E0e
i(kx−ωt), (4.2)

and the scattered wave will look like

Esc = CE0e
i(kd) e

i(kr−ωt)

r
, (4.3)

where an unimportant angular factor has been omitted. C is a constant of propor-
tionality which involves details of the scattering center. Next, we need to express
the distance between the scatterer and the position of the detector.

r = R− d (4.4)

This can be simplified by making an approximation. Look at the square of r

r2 = (R− d)2 = R2 + d2 − 2Rd cos(R,d), (4.5)

then, take the square root

r = R
(

1− 2
d

R
cos(R,d) +

d2

R2

)
1
2

. (4.6)

The last term can be canceled since it will be neglible if the size of the sample is
much smaller than the distance to the detector. We then expand the square root
and get

r = R(1− d

R
cos(R,d) + . . .) ' R− d cos(R,d). (4.7)

This is the used in the exponent in equation 4.3.

ei(kd+kr) ' ei
(

kd+k(R−d cos(R,d))
)

= eikRei(kd−kd cos(R,d)). (4.8)

We are free to put the detector so that R is parallel to k′. Together with equation
4.1 this enables us to rewrite the cosinus term,

kd cos(R,d) = k′d cos(k′,d) = k′d, (4.9)

as a scalar product. The exponential becomes

ei(kd−kd cos(R,d)) = ei(kd−k′d) = e−id∆k, (4.10)
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where
∆k = k′ − k. (4.11)

∆k is called the scattering vector. The contribution from the scatterer at d will be

Esc =
(CE0e

ikRe−iωt

R

)

e−id∆k. (4.12)

The r in the denominator has been replaced by a R, which is a reasonable approx-
imation. To get the total scattering in one direction we should sum over all lattice
points,

d = ma+ nb+ pc. (4.13)

The integers m,n and p should be summed from zero to M − 1 if we assume that
the crystal has M unit cell in all directions. The interesting part is the sum of the
phase factors,

A ≡
∑

m,n,p

e−i(ma+nb+pc)∆k. (4.14)

The sum will have a maximum when

d∆k = 2π · (integer). (4.15)

This is fulfilled when

a ·∆k = 2πh,

b ·∆k = 2πk,

c ·∆k = 2πl, (4.16)

which is called the Laue equations. These equations also define the reciprocal lattice,
which means that if the scattering vector ∆k lies on a point in the reciprocal lattice
there will be a diffraction maxima.

The information that the scattering vector ∆k should be a reciprocal lattice
vector does not directly instruct you on how to arrange the crystal in order to find
a reflection. This can be obtained by using the property that for a family of lattice
planes separated by a distance d, there are reciprocal lattice vectors perpendicular
to these planes, with lengths

∆k =
2πn

d
. (4.17)

Since k = k′, and ∆k = k′ − k is perpendicular to the lattice plane, k and k′

must make the same angle, θ, with the lattice plane. (See figure 4.4.) From this we
get

∆k = 2k sin θ. (4.18)

Inserting the relation 4.17, using k = 2π/λ, where λ is the wavelength of the x-ray
radiation, and rearranging gives the Bragg law.

nλ = 2d sin θ. (4.19)

This relationship can be derived more directly by looking at phase differences be-
tween waves reflected by parallel planes. From this relation it is easy to calculate
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Figure 4.4. Relation between lattice planes and the scattering vector. For a re-
flection to occur for some set of planes, ∆k, which is the difference between the
wavevectors k’ and k, should be equal to the reciprocal lattice vector of the planes.
The angle between k and k’ should be 2θ, where θ is the angle between the incident
radiation and the crystal planes.
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at what incidence angle, θ, there will be a reflection from planes with a certain
spacing, d.

4.2.3 XRD equipment

We have used a Siemens D5000 powder diffractometer. X-ray source, sample holder
and detector are set in the Bragg-Brentano geometry, see figure 4.5. This geometry

Figure 4.5. Geometry for the XRD-setup. Also indicated are the different slits.
The monochromator is not shown.

works as follows. The x-rays are incident upon the sample making an angle, θ.
If the Bragg law is fulfilled there will be a reflection at an angle 2θ relative the
incoming beam. In order to find all reflections, one scans through the θ-angles,
by tilting the sample, and the detector moves with twice the angular speed of the
sample, keeping the 2θ angle. In this geometry the distance between sample and
detector is constant.
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The x-ray source emits Cu-Kα radiation with a wavelength of 1.54056 Å. As
detector a scintillation counter is used. Soller slits are used before and after the
specimen. They consists of closely spaced parallel metal plates, that defines and
collimates the beam. There is an aperture slit that limits the illuminated area of
the sample. On the other side of the sample there is an anti-scatter slit that makes
sure only reflections from the specimen area reach the detector. The aperture and
anti-scatter slit should have the same size, so the area that the detector “sees” is
the same area that is illuminated. There is also a receiving slit that defines the
width of the beam that is admitted to the detector. The size of this slit depends
on the resolution wanted. A monochromator crystal is also placed in front of the
detector. This crystal will reflect radiation with wavelengths different from Kα ,
mostly Kβ , away from the detector. It effectively works as a Kβ filter.

4.2.4 Different modes of operation

With the setup described above, there are a number of different scans that can be
performed. In this section they will be described using an XRD-characterization of
a ferroelectric/magnetoresistive heterostructure that we have made [78]. The het-
erostructure consist of 400 nm of Pb(Zr0.52Ti0.48)O3 on 500 nm La0.67Ca0.33MnO3

deposited on a LaAlO3 substrate. The crystalline structure of LCMO and LAO
can be described as pseudocubic, while PZT is described as tetragonal. Further
discussion of this heterostructure can be found in appended paper 2.

The most common mode of operation is the θ − 2θ scan. Here the incidence
angle θ is varied, and the detector angle is varied at twice the speed keeping it at
2θ. This scan enables you to see all reflections of all the planes that are parallel
to the sample surface. A θ − 2θ diffraction pattern from the PZT/LCMO/LAO
heterostructure is shown fig 4.6. We see sets of three peaks. In the graph they have
been labeled according to which layer and order of reflection they belong. From
this graph it is clear that the sample is single phase. We observe only (00l) peaks,
and thus the film layers and the substrate is c-axis oriented. That is, the PZT
and LCMO have their c-axis oriented in the same way as the substrate. Using the
Bragg law (equation 4.19) it is possible to calculate the length of the c-axis lattice
parameter for the different layers.

Another type of scan is the so called “rocking curve”, or ω-scan. Here the
detector is held at a fixed angle, where there is a reflection from some plane. The
incidence angle is then varied around the θ angle that gives the reflection. This
is illustrated in figure 4.7. It is also shown how a real (non-ideal) crystal is made
out of smaller blocks with some spread in their orientation. This is refered to as
the mosaic structure of the crystal. The rocking curve gives information about the
magnitude of the spread in orientation of the crystallites. A larger spread in the
orientation will give a wider rocking curve. Rocking curves for the substrate and
the two layers in our heterostructure are shown in figure 4.8. The numbers in the
figures are the full width at half maximum (FWHM) values for the different curves.
These rocking curves were taken from the (002) reflections of the different layers.
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Figure 4.6. A typical θ − 2θ diffraction pattern. The sample is a
PZT/LCMO/LAO heterostructure consisting of 400 nm Pb(Zr0.52Ti0.48)O3 on
500 nm La0.67Ca0.33MnO3 on a LaAlO3 substrate. From [78].

Figure 4.7. Rocking curve geometry (left) and the mosaic structure of a non-ideal
crystal (right, from [79]).
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Figure 4.8. Rocking curves for the PZT/LCMO/LAO heterostructure.
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It is seen that the substrate has the most narrow rocking curve with a FWHM of
0.194◦ , the LCMO layer follows with 0.493◦ and the PZT layer has a FWHM of
0.628◦.

The two methods discussed so far are only concerned with measurements of
planes that are parallel to the film surface, so we have no information about the
relative orientation of the a and b-axes of the layers, for a c-axis oriented film.
To measure this one can use a φ-scan, where the sample is rotated around the
film plane normal. The φ-angle measures this rotation. By setting the θ and 2θ-
angles in certain positions (θsample, 2θdetector) it is possible to see reflections from
planes that does not lie in the film plane. However, only for certain φ-angles will
reflections appear. This is determined by the crystal symmetry and which plane
that is observed. By observing this kind of reflection from film and substrate it is
possible to determine how the in-plane axes are aligned relative each other. The
width of these reflections shows the spread in in-plane orientation between different
grains, like rocking curves does for the film plane normals. In figure 4.9 a φ-scan
is shown for three different planes in the different layers in the heterostructure.
The planes are denoted by their Miller indices. For each of these planes the θ and
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Figure 4.9. φ-scan of the (113) PZT, (103) LCMO and LAO reflections, in-
dicating high degree of in-plane orientation. The positions of the sample was
θsample=64.350

◦ , 57.474◦ , 58.530◦ , and 2θdetector=77.830
◦ , 77.460◦ , 80.035◦ ,

for PZT-113, LCMO-103 and LAO-103 respectively.

2θ angles were set to the corresponding positions θsample and 2θdetector , then the
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sample was rotated 360◦ around the film surface normal. Because of the symmetry
of the studied planes, (103) for LAO and LCMO, and (113) for PZT, there are four
reflections spread evenly on the 360◦. If we first look at the LAO and LCMO peaks
we see that their positions coincide. This means that the LCMO film has its a and
b axes aligned with the substrate a and b axes. For the PZT film we studied the
(113) plane. This plane is rotated 45◦ relative the (103) planes and we can see that
these reflections are shifted by 45◦ in the XRD pattern, meaning that the a and b
axes of the PZT layer are also aligned like the LCMO and the LAO substrate. So,
there is good orientation of the lattice axes in the plane also. Because of difficulties
in aligning the sample exactly parallel to the sample holder there are variations in
the intensity of the different reflections.

4.2.5 Errors

This section deals with the influence of different experimental parameters on the
result. We start with the influence of the different slits.

The divergence slit should limit the beam so that only the sample and nothing
of the surroundings, like the sample holder, is irradiated. The irradiated area
depends on the incidence angle, θ, and increases at smaller angles. The largest
possible divergence slit that can be used depends on at how low angle that is needed
to measure. Another factor also come into play. If a large area is irradiated an error
known as “flat-specimen error” (see below) will increase.

The anti-scatter slit determines how large area that is “seen” on the detector
side. The width should be equal to the width of the divergence slit.

The receiving slit affects the width and intensity of a given line profile. Optimum
intensity and resolution is achieved when the width of the slit is close to the width
of the beam.

The choice of slits is important for the shape of the peaks and the intensity versus
background, but do not directly cause errors, like displacements of the peaks. There
are a number of other factors that can shift the positions of the peaks, and thereby
also give errors in the estimation of the lattice plane distance. All equations for the
magnitude of errors are from Klug and Alexander [80].

We start with axial divergence. This is the beam diverging in a plane normal
to the goniometer plane. This causes an asymmetric broadening of the peak. The
effect is largest at small angles. For 2θ between approximately 90◦ and 120◦ the
effect is smallest. Below this region the displacement of the peak is towards lower
angles and above it towards higher angles. This error is limited by the use of Soller
slits before and after the sample. The price for minimizing the error is a lowering
of the intensity. A mathematical expression for this, when applying a pair of Soller
slits, is

∆2θ = − h2

3R2
(Q1 cot 2θ +Q2 csc 2θ). (4.20)

h is half the length of the focal line, R is the diffractometer radius. Q1 and Q2 are
parameters that characterize the Soller slits.
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Since the focusing of the system is built on the sample being on the focusing
circle, a specimen that is not bent with the same radius as this circle will cause an
error. This is called flat specimen error, and is described by

∆2θ = −α
2

6
cot θ. (4.21)

α is the angular aperture of the divergence slit. Using α = 0.00873 radians (0.5◦,
which for our system correspond to a slit width of 1 mm), the size of the error
is lower than 0.005◦ for 2θ > 20◦ . The error decrease with increasing angle, as a
smaller width of the sample is irradiated.

Another possible error is because of absorption in the sample. In the ideal case
the diffraction surface is at the surface of the sample. The x-ray beam, however,
penetrates into the sample so the reflections, on the average, comes from somewhere
below the actual sample surface. This problem is significant for thick samples with
low absorption (like organic materials, for example). For the thickness range that
we work in (up to a few thousand angstroms) this error is neglible.

The next error to discuss is probably the most important one, the displacement
error. This error arises because of the practical difficulties to place the sample
surface exactly on the focusing circle, see figure 4.5. The error is proportional to
cos θ,

∆2θ = −2s

R
cos θ (4.22)

s is the displacement from the focusing circle and R is the diffractometer radius.
For a displacement of one tenth of a millimeter (s = 0.1 mm) the maximum error
(at θ = 0◦) is approximately 0.02◦.

4.2.6 Very thin films

For films of small thickness the destructive interference will not be complete, and
there are some interesting effects that might take place. To examine this we will
look at the intensity from a film, where we assume that the area of the film is
infinite but the thickness is finite. From equation 4.14 we see that the electric field
from the reflections is proportional to the sum of the phase factors,

E ∝
∑

m,n,p

e−i(ma+nb+pc)∆k. (4.23)

The scattering vector ∆k lies in the plane spanned by the wavevectors of the in-
cident and outgoing waves. We assume that this plane is parallel to one side of
the sample. Also, remembering that the scattering vector is perpendicular to the
scattering planes, we further assume that these planes are parallel to the crystal
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surface (001 planes, or a multiple thereof). This means that the scattering vector
can be described by just a number, ∆k. According to equation 4.18,

∆k = 2k sin θ. (4.24)

The lattice vector c is parallel to ∆k, and we will use d, the interplanar spacing as
notation instead. We get

E ∝
∑

m,n,p

e0e0e−im2kd sin θ = M2
N−1
∑

m=0

e−im2kd sin θ, (4.25)

where M is the number of lattice cells in each direction in the plane and N is the
number of lattice planes. We now want to examine what happens for an incident
beam that is close to the Bragg angle, θ = θB +∆θ. For a small ∆θ we can write

2kd sin θ = 2kd sin θB + 2kd cos θB∆θ. (4.26)

Using the Bragg law the first term on the right hand side can be rewritten,

2kd sin θB = nλk = 2πn, (4.27)

and the phase factor to sum, which we now denote q, becomes

q = ei2πnei2kd cos θB∆θ = ei2kd cos θB∆θ = eiQ. (4.28)

This also defines Q, for convenience. The intensity of a reflection is proportional
to the square of the electrical field. Using a result for finite sums,

SN =
N−1
∑

n=0

qn =
1− qN

1− q
, (4.29)

we can write

I ∝ |E2| ∝
∣

∣

∣

1− qN

1− q

∣

∣

∣

2

=
(1− eiQN )(1− e−iQN )

(1− eiQ)(1− e−iQ)
. (4.30)

Using trigonometric relations this can be simplified and the intensity is found to be

I ∝ sin2(kd cos θB∆θN)

sin2(kd cos θB∆θ)
. (4.31)

The intensity will have a large peak when the denominator goes to zero, which
happens when ∆θ goes to zero. The nominator will impose an oscillating function
on top of this peak. If the film is thick, N will be large, and the oscillations will be
rapid and averaged out. But, if N is small the oscillations will be slower and there
will appear satellite peaks around the main reflection, as shown in figure 4.10. The
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positions of the satellites around the main peak can be found. The sinus function
has maxima when the argument is ±π/2.

kd cos θB∆θN = ±π
2

(4.32)

gives

2θ =
λ

2t cos θB
, (4.33)

where t = Nd is the thickness of the film and 2θ is the distance between the two
peaks closest to the main peak. In figure 4.10 function 4.31 is plotted. The values

Figure 4.10. Simulated XRD spectra of film with N=100, d=3.87 Å, θB=30
◦ and

wavelength λ=1.5 Å. The distance between the two peaks closest to the main peak,
2θ can be used to estimate the film thickness.

used were k = 2π/1.5 Å
−1

, d = 3.87 Å, θB = 30◦ and the number of layers, N ,
was set to 100.

In figure 4.11 an XRD pattern for a 300 Å thick La0.75Sr0.25MnO3 film made
on LaAlO3 is shown, and we can see the characteristic oscillations that we have
discussed. Using the distance between the two subsidiary peaks closest to the main
peak one can calculate the thickness of the film. However, this calculated thickness
is about 30% off from the value measured by atomic force microscopy. The reason
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Figure 4.11. XRD reflections from a 300 Å thick La0.75Sr0.25MnO3 film
on LaAlO3.
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lies in all the other factors that affect the XRD pattern. The positions of the
satellite peaks are very sensitive to the homogeneity of the film and instrumental
factors, as discussed above, will shape the pattern, causing broadening which will
contribute to the error. In order to get a better result one should make a more
realistic model of the film, include the instrumental factors and then fit this model
to the actual XRD pattern and get the thickness from this fitting.

4.3 Transport measurements

In order to measure the resistivity of our thin films we usually use four contacts,
one in each corner of the sample. These contacts are made from silver or gold
and deposited by magnetron sputtering or thermal evaporation. Wires are then
attached to the contact pads by soldering with indium or using silver paint.

We use a Keithley Model 2410 SourceMeter as the current source and a Keithley
Model 2002 Multimeter to measure the voltage. In order to minimize the effect of
thermal voltage on the connections we use a quasi-alternating current and take the
average which cancel out the thermal voltage. The magnitude of the current used
has been between 100 µA and 1 µA.

To measure temperature dependent ρ(T ), we use a standard copper-constantan
thermocouple.

In order to measure ρ(T ) under magnetic field (usually at 7 kOe) we use an
electromagnet. The setting is such that the field is applied parallel to the film plane
in order to minimize the influence of the demagnetization factor. The strength of
the field is measured with a Hall probe.

For our measurements of the Hall effect in CMR films a special set-up was built.
The set-up is described in detail in the manual which is appended as paper 9.

Last in this section I would like to briefly discuss the accuracy of our mea-
surements. The main source of error in calculating the resistivity comes from the
measurement of the film thickness. The resistivity of a film is calculated by

ρ =
RA

l
, (4.34)

where R is the resistance measured, A is the cross sectional area of the film, the
thickness times the width of the sample, and l is the distance between the contacts.

The error from the resistance measurement is less than ±90 ppm (in the mea-
sured units) [81], while the error in the thickness is estimated to be ± 5%. The
method used to estimate the thickness of our films is the following. First we de-
posit a film on a partially covered substrate, then the size of the step between the
film and the covered part is measured using atomic force microscopy. With this
information we can then calculate the deposition rate (Å/s), and the thickness of
the following films are assumed to be the deposition rate times the deposition time.

The accuracy achieved by this method is enough for our purposes. The mea-
surements are mainly used to compare different samples, and in many cases the
shape of the ρ(T )-curve is more interesting than the absolute magnitudes.



Chapter 5

Some aspects of strain in
CMR films

This chapter contains a more full discussion of the influence of substrates, film
thickness and oxygen content, than what is presented in the papers.

5.1 Different substrates

When selecting a substrate to grow a film on there are a number of factors that are
important. In her review article about selection of substrates for high temperature
superconductors, which applies to the case of manganites as well, Julia Phillips
writes that “ideally the substrate should provide only mechanical support but not
interact with the film except for sufficient adhesion, and in many cases the provision
of a template for atomic ordering” [82]. She further lists important factors for
general film growth and for epitaxial growth. The general factors are

• Chemical stability. It is important that there is no chemical reaction between
the film and substrate. Also there should not be any reactions between the
substrate and the oxygen atmosphere that is necessary to grow manganites.

• Thermal expansion match. If the substrate and film have different thermal
expansion coefficient there might be problems with cracking of the film. A
mismatch causes larger problems for films made from brittle material. Also,
thinner films might conform to the substrate in situations where a thicker film
would crack.

• Surface quality. A uniform surface is necessary in order to get a uniform
homogeneous film. Defects on the film surface can have a significant impact
on the nucleation of the film, and can influence the film morphology and
structure.

49
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• Substrate cleanliness. A cleaned surface is a requirement for reproducible re-
sults. Usually the cleaning procedure is the result of an empirical process. We
put the substrate in acetone in an ultrasonic bath and dry in a nitrogen flow.
Any organic remains will be dissociated during the pre-deposition heating.

• Substrate homogeneity. If the substrate consist of a small amount of another
phase than the predominant one, this might affect the surface and the film
may not grow well on the whole substrate. Twin boundaries that propa-
gates throughout the substrate are potential nucleation sites for competing
crystalline directions.

• Substrate thermodynamic stability. It is important that the substrate do
not undergo any phase transitions in the temperature range that is spanned
during the preparation and growth process.

In order to grow epitaxial films there are more factors that should be considered.
Epitaxial means that there is a definite relation between the orientations of the film
and substrate.

• Lattice match. The difference in in-plane lattice parameters should be min-
imized to get epitaxial films. Differences in lattice parameters can also be a
way of changing the properties of the film.

• Coincidence sites. Not only the lattice constants should be matched but the
atoms that coincide should preferably have the same atomic size and valency.
This means that a good substrate should have a similar structure to the film
material.

• Surface quality. For epitaxial films this factor is even more important. Mis-
oriented grains frequently nucleate on irregularities on the surface.

• Structural quality. Generally one can say that the crystalline quality of the
film will be no greater than that of the substrate.1 Impurity phase inclusions
and twins will likely effect the epitaxial quality.

We have mainly used two types of substrates, SrTiO3 and LaAlO3, but we have
also used NdGaO3, Nd : YAlO3 and LaSrGaO4. All these substrates have structures
that can be classified as pseudocubic or tetragonal and they have similar structures
to manganites so the coincidence is good. In table 5.1, some basic information
about the substrates is presented. The information is collected from Julia Phillips
review paper [82], except where noted.

The lattice parameter for the manganite depends on the dopant and the degree
of doping. La0.75Sr0.25MnO3 which is the composition that will be discussed mostly
have a=3.87 Å, making SrTiO3 and NdGaO3 good choices for substrates. As a
remark in the table it says that the dielectric constant for SrTiO3 is 277. This is

1There are exceptions to this, for example, so called self-assembly phenomena.
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a high value, for the other substrates ε is around 20. This can be a problem if you
intend to measure properties using microwaves. The LaAlO3 substrates usually
contains twins. This is when the crystal are made up of separate parts that has
some definite relation to each other. In the LaAlO3 case the twins are parallel to
the (100) plane.

In one experiment we deposited La0.7Pb0.3MnO3 on LaAlO3 , NdGaO3 and
Nd : YAlO3 [85]. La0.7Pb0.3MnO3 has a lattice parameter of 3.88 Å. We made
films 4000 Å thick using PLD. XRD θ− 2θ measurements showed only (00l) peaks
indicating single phase and the same orientation of the c-axes in film and substrate.
In figure 5.1 the resistivity versus temperature for the three samples is plotted. The
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Figure 5.1. Resistivity versus temperature for 4000 Å thick La0.7Pb0.3MnO3 films
on NdGaO3, Nd : YAlO3 and LaAlO3 substrates.

curves are quite similar but there are slight differences between the properties. In

Table 5.1. In-plane lattice parameters for substrates we have used. Nd : YAlO3

has a neodymium doping of 1% [83] and the data for LaSrGaO4 is from [84].

Substrate a[Å] b[Å] Remark
SrTiO3 3.90 3.90 ε=277
LaAlO3 3.80 3.80 Twins
NdGaO3 3.86 3.86
Nd : YAlO3 3.72 3.68
LaSrGaO4 3.84 3.84
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table 5.2 the most important properties of the films are summarized. The mismatch

Table 5.2. Properties of 4000 Å thick La0.7Pb0.3MnO3 films on different substrates.
Tp is the temperature where the resistivity reaches its peak value. The MR was
measured at 7 kOe.

Substrate ∆a/a[%] ∆b/b [%] Tp [K] MR [%] TCR [% K−1]
Nd : YAlO3 4.1 5.2 289 33.1 (272 K) 6.8
LaAlO3 2.1 2.1 298 31.1 (281 K) 6.8
NdGaO3 0.5 0.5 303 33.6 (286 K) 7.6

was calculated as ∆a/a = (a0 − as)/a0, where a0 is the bulk lattice parameter for
the manganite and as is the lattice parameter of the substrate. We see that the
temperature of the peak resistivity increase with decreasing film-substrate lattice
mismatch. The differences are small in MR values, but it is clear that smaller mis-
match gives higher MR. The differences are actually higher than indicated by just
the MR values. Since there is an intrinsic tendency of the MR to be larger at phase
transitions at lower temperature, the NdGaO3 film showing the best MR value at
the highest temperature is clear indicative of good film quality.

5.2 Thickness dependence

When a film is grown, the first layers conform to the substrate and the film will
be strained, if there is a lattice mismatch between the film and substrate. With
increasing film thickness this strain will relax through the appearance of misfit
dislocations, and the film properties should approach those of bulk. A film under
strain will have different properties compared to a strain-free film. One reason
is that the Mn-O-Mn bond angles and Mn-Mn distance, will change. Another
important factor is the oxygen content and this can also depend on the lattice
mismatch. This will be discussed in section 5.3.

The results discussed here come from an experiment where we made 32 to 900
Å thick La0.75Sr0.25MnO3 films on SrTiO3 and LaAlO3 substrates [86]. In figure 5.2
the resistivity and magnetoresistivity versus temperature is shown for LSMO/STO
and LSMO/LAO films of different thickness. We see that the transition temper-
ature decrease for thinner films, and that the resistivity increase with decreasing
thickness. In figure 5.3 the changes in resistivity, magnetoresistivity and transition
temperature with thickness for the LSMO/STO films are summarized.

Another experiment with thickness dependence was on La0.7Mn1.3O3 films [87].
They were deposited on LaSrGaO4 substrates using dc-magnetron sputtering. The
films were of thickness 100 Å to 1200 Å . In figure 5.4 the transition temperature
and the c-axis lattice parameter is plotted versus film thickness. We can see that
this is similar to the behavior of the LSMO films. Also, the change of the c-axis
parameter show that the lattice is disturbed for thinner films. For a bulk sample
c=3.91 Å[88], and it is clearly seen that the film c-axis saturates towards this value.
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Figure 5.2. Resistivity and magnetoresistivity (measured at 1 T) versus temper-
ature for La0.75Sr0.25MnO3 films of different thickness deposited on SrTiO3 (left)
and LaAlO3 (right) substrates. The curves have been scaled to fit in the same graph.



54 Chapter 5. Some aspects of strain in CMR films

��� �������

���

���

���

���

���

7KLFNQHVV�>c@

7UDQV
LWLRQ�W

HPS
HUDWXUH

�>.@

�

��

��

� U

�
�
�
� �>P

:
FP@

��

��

��
7 � �

/D ��� �
	 6U ��� �
	 0Q2 � ���6U7L2 �

U

'U ��U 

�� 'U
���
U �

�>�@

Figure 5.3. Transition temperature Ttr, maximum value of magnetoresistivity
∆ρ/ρ0 and resistivity measured at 400 K versus thickness for La0.75Sr0.25MnO3

films on SrTiO3 . The lines are a guide for the eye. From [86].
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Figure 5.4. Transition temperature versus thickness for La0.7Mn1.3O3 films on
LaSrGaO4 substrates. Also shown is the length of the c-axis parameter measured
by XRD. The lines are a guide for the eye. From [87].
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So the main effects are, with decreasing film thickness, that the transition tem-
perature decreases, and the peak resistivity increases. Both these effects indicate
that the Mn-O-Mn double exchange interaction has been weakened.

Our idea on how to explain this is that the substrate will force the in-plane
lattice parameters of the growing film to align with the substrate and the film will
be strained. If the lattice parameters of the substrate is larger than the manganite
parameters the film will be subject to tensile strain. This is the case for LSMO on
STO substrates. In the other case, as LSMO on LAO, the substrate parameters are
smaller and the film is under compressive strain. In the layers close to the interface
the influence from the substrate is strong, but it diminishes with increasing film
thickness.

Although one film is under tensile strain (LSMO/STO, ∆a/a=-1.0%) and one
is under compressive strain (LSMO/LAO, ∆a/a=+1.8%), the trends for resistivity
and transition temperature with thickness are the same.

There are some differences between the films on LAO and STO. Films on LAO
thinner than 250 Å do not show any phase transition while all the films on STO,
including the thinnest, 32 Å, show a transition. Also, there is a difference in critical
thickness, the thickness above which there are no more changes with increasing
thickness. The properties of films on STO does not change with a thickness larger
than 300 Å, while the properties of films on LAO changes up to 600 Å. Another
interesting observation is that even though the films on different substrates has
reached a thickness where there is no change in properties there is still a difference
in the properties of the two samples relative each other. In table 5.3 the properties
of 900 Å films are compared. This should however be expected since we in the

Table 5.3. Properties of 900 Å thick La0.75Sr0.25MnO3 films on SrTiO3 and
LaAlO3 substrates.

Substrate ∆a/a[%] Ttr [K] MR [%] TCR[% K−1]
SrTiO3 -1.0 331 17.5 (334 K) 3.4
LaAlO3 1.8 325 12.5 (329 K) 2.2

previous section saw that films as thick as 4000 Å made on different substrates had
different properties.

We believe that the higher critical thickness and the non-existing phase transi-
tion, on the thinner samples, for films on LAO depend on the larger film-substrate
lattice mismatch, and that this also is the reason for the generally lesser perfor-
mance as indicated in table 5.3. It is now of interest to discuss how strain in thin
films are relaxed, which brings us to the theory of misfit dislocations.

When a film is grown on a substrate and the lattice parameters differs, the atoms
near the interface will adjust their positions to get good coincidence. If there is
small misfit the film can be become strained so that there is good coincidence along
the whole interface, but more usually there will good and bad regions of coincidence.
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The bad regions resembles dislocations and are therefore called misfit dislocations.
The information on this matter is from the chapter by Matthews in Dislocations in
solids [89], unless otherwise stated. The misfit can be defined as

f =
a0 − as
a0

, (5.1)

where as and a0 denote the stress-free lattice parameters of the substrate and film
respectively. This is the same way as ∆a/a was calculated earlier. The misfit is
shared by the strain and the dislocations.

f = ε+ δ, (5.2)

where ε is the elastic strain and δ the misfit accommodated by dislocations. All
these quantities are to be expressed as normalized deviations, like the misfit. The
separation of adjacent misfit dislocations in the plane is

S =
a0

f − ε
. (5.3)

For very thin films or very small misfits the film can adjust without dislocations.
In these circumstances the film is strained, but it is energetically more favorable
for the film to stay strained than to introduce dislocations. According to Van
der Merwe, for films with a misfit of 2% there will be dislocations if the film is
thicker than 40 Å[90]. For a 1% misfit the film should be thicker than 70 Å, before
dislocations appear. In both cases a lattice size of 3.8 Å was assumed. We can
compare this with the results for our films. The films on STO has a misfit of 1% so
there should not be any relaxation before a thickness of approximately 40 Å. We
can see in figure 5.2 that there is a big difference between 32 Å and 42 Å films,
indicating a large change in film properties. The LSMO/LAO films cannot say
anything about this since the films thinner than 200 Å did not exhibit any phase
transition.

By minimizing the sum of the energy of the misfit dislocation and of the elastic
strain it is possible to find the elastic strain. For a cubic film and substrate made
from elastically isotropic materials, neglecting deviations from Hooke’s law and
variations of surface energy with elastic strain, the elastic strain which minimizes
the energy is

ε∗ =
Gsa

4π(Gf +Gs)(1 + ν)h

(

ln
h

a
+ 1

)

. (5.4)

The misfit dislocations are assumed to be edge oriented, to have Burgers vectors in
the interface, and to be arranged in a square grid. The G’s are the shear moduli
for the film and substrate, a is the lattice parameter, ν Poisson’s ratio and h the
film thickness. Equation 5.4 holds for films where h < S/2. For a misfit of 2% and
lattice parameter of 3.8 Å, S ∼ 190 Å, meaning that the above expression holds
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for films of a thickness approximately below 100 Å. For thicker films the following
expression applies,

ε∗ =
Gsa

4π(Gf +Gs)(1 + ν)h
ln 2(f − ε∗). (5.5)

Plotting these equations together yields the plot in figure 5.5. It was assumed that
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Figure 5.5. Strain in a thin film calculated from equations 5.4 and 5.5, with a
misfit of 2% and a lattice parameter of 3.8 Å.

the shear moduli for film and substrate was equal and that Poisson’s ratio was 0.3.
For a thickness below 25 atomic layers equation 5.4 was used and above equation
5.5. The used misfit was 2%. It can be seen that the strain quickly decrease with
increasing thickness. The decrease in strain is accomplished by the introduction
of dislocations. At 100 atomic layers almost all the strain is removed. Still, as
we saw there is a difference between films, made on different substrates, as thick
as 900 Å (and even 4000 Å), which is about 240 layers. We believe that reason
is that all the measured properties are “volume” properties, so that the region
closer to the interface, affects the results, even if the upper part of the films are
identical in the two samples. It could also be that the properties of the interface
layer determines the microscopic structure of the film in such a way that it will
never become identical to bulk material.

Direct observation of relaxation in the films can be done by XRD measurements.
For different substrate induced strain in the film plane the length of the out-of-
plane lattice parameter, c, will be different. If the strain imposed by the substrate
is the same in both in-plane directions (x and y), then, according to the theory of
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elasticity, the relation between the in-plane strain and the strain in the z-direction
will be

εzz = −
2ν

1− ν
εxx, (5.6)

where εxx = εyy [91]. Using this relation it is possible to calculate the theoretical
position of the (002) XRD reflection for the film on different samples, assuming
that the films are fully aligned with the substrates in the interface. In figure 5.6 are
shown the (002) peak positions for films of different thickness on different substrates.
Also shown are predictions of the (002) peak for LSMO on different substrates
according to equation 5.6. We can note here that the for the film on STO the
peaks lies between the bulk and the maximally strained position, and that with
increasing thickness the gravity center of the peaks move closer to the bulk position.
The diffraction pattern for films on LAO shows some extraordinary features. The
oscillations from the 300 Å film is discussed in section 4.2.6 in chapter 4 and the
very broad peak is discussed below. First we will discuss the positions of the peaks.
The position of the (002) LSMO peak is at lower angles than the position calculated
by equation 5.6. This means that the c-axis is more elongated than expected. The
theory of elasticity looks at materials as a continuum of matter, which might not
be compatible with our otherwise microscopic reasoning. Another approach is to
assume that the unit cell volume should be constant. If this is assumed and the in-
planes parameters are assumed to have the same length as the substrate parameters
and we calculate the position of the (002) peak, we will come closer to the actual
position of the peak in the XRD pattern. With the STO film we can see that the
predicted position from an assumption about constant cell volume is far off from
the actual position.

Similar results was found by Wiedenhorst et al., who found an actual elongation
of the c-axis of La0.67Ba0.33MnO3 on STO of 0.01 Å, when the predicted elongation
(using eq. 5.6) was 0.004 Å [92]. Rao et al. found that the for La0.8Ca0.2MnO3 the
unit cell varies with thickness and substrate [93]. For LCMO on LAO they found
that the unit cell varies non-monotonically with thickness, being both smaller and
larger than the bulk unit cell volume. Although the variation is quite small, of the
order of one percent, the change in volume will vary the c-axis parameter between
3.97 Å and 4.05 Å, if the a and b parameters are kept at the LAO parameter length.
However, in our case we cannot make any definite conclusions about changes of the
unit cell volume. Films on STO seems to follow the theory of elasticity while the
results for films on LAO cannot be described this way. Assuming a constant unit
cell volume gives better agreement with the XRD measurements but the elongation
of the c-axis is still longer than expected. Without measurements of the in-plane
parameters of the film, it is not possible to make any solid conclusions.

Looking further at the LSMO/LAO XRD we see that the 900 Å film has a very
broad peak that stretches from the positions of the thin films to a position close to
the bulk position. We interpret this as a direct indication of the relaxation of the
lattice in the film. The different layers in the film are in different states of relaxation
and have different c parameters, giving this very distributed peak. The peaks from
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Figure 5.6. XRD pattern of the La0.75Sr0.25MnO3 (002) peak on LaAlO3 (top)
and SrTiO3 (bottom). Also shown are the positions of the (002) peaks for bulk
LSMO and the predicted positions according to the theory of elasticity (line labeled
“strained”) and peak positions calculated assuming a constant unit cell volume.
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film on STO are more difficult to resolve than the peaks from film on LAO because
they are much closer to the substrate peak, which can explain why we do not see
similar distributed peaks for the films on STO. Before finishing this section it should
be noted that the behavior of the c-axis for the La0.7Mn1.3O3 on LaSrGaO4 showed
in figure 5.4 is the opposite of what we have found for the La0.75Sr0.25MnO3 on
SrTiO3 and LaAlO3. The La0.7Mn1.3O3 film is under compressive strain which, we
have seen in the other samples, should cause an elongation of the c-axis. Instead
we see an contraction of the c-axis. We have no explanation for this, but it might
be some consequence of the self-doping in this compound.

Another important observation is that the effect of film thickness on the transi-
tion temperature is the same regardless of whether the misfit is positive or negative.
If we look at the Mn-O-Mn angle, this is mystery. Assuming that the bond angle
has some deviation from the ideal 180◦ , it is easy to see that tensile strain (film
on STO) should decrease this deviation and increase the transition temperature,
while compressive strain (as film on LAO) should increase the deviation and lower
the transition temperature. To be able to explain this one has to consider the role
of oxygen, which is the topic of the next section.

5.3 Oxygen content

In general the oxygen stoichiometry influences the properties of the sample a great
deal. Rajeswari et al. have shown, by varying the oxygen pressure during deposi-
tion, that the homogeneity of the sample and c-axis length depend on the oxygen
content [94]. They determined the homogeneity of the sample from a high TCR
and TCM and a narrow ferromagnetic resonance linewidth. TCM is the magnetic
equivalent of TCR, 1/M · dM/dT , where M is the magnetization. It was found
that an increased oxygen pressure during deposition increased the homogeneity of
the film and a decrease of the c-axis lattice constant.

We have found that there are similarities between the effects of film thickness
and oxygen deficiency on the transition temperature and the resistivity [86]. To
clarify this we made a 3300 Å LSMO film on STO at a reduced oxygen pressure,
1 mTorr (the usual pressure is 200 mTorr). This thick film had a transition tem-
perature similar to a 42 Å thick film, but the resistivity was almost one order of
magnitude higher. Annealing in 1 mTorr oxygen at 730 ◦C for one hour increased
the transition temperature and decreased the resistivity. Further annealing for two
hours continued these changes but to a lesser degree, indicating that the process
was reaching saturation. If the resistivity at the transition temperature is plotted
versus the transition temperature, as in figure 5.7, one can see that the slope is the
same for the changes of the thick film as the changes with increasing film thickness.
This indicates that there might be a connection between oxygen content and strain
in the films. To learn more about this we studied the effect of annealing films on
different substrates in vacuum. The films were 1000 Å thick and made under the
usual conditions. They were then annealed in vacuum at 730 ◦C for one hour. The



62 Chapter 5. Some aspects of strain in CMR films

��� ��� ��� ���
�� �

�� �

�� �

�JURZQ�XQGHU
��������QRUPDO�FRQGLWLRQV

�JURZQ�DW���P7RUU�2 �

/D���� 6U ���� 0Q2 ����6U7L2 �

����c

����c
����c

���c

���c

���c

�

�

U� 7
WU��>P

:
FP@

7WU �>.@
Figure 5.7. Resistivity at the transition temperature versus transition temperature
for La0.75Sr0.25MnO3 films of different thickness on SrTiO3 (circles), compared to a
3300 Å film which is oxygen deficit (square symbols). The different points shown for
the oxygen deficit film correspond to the different amounts of annealing undergone.
The resistivity decrease with annealing. From [86].
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transition temperature for the LSMO/LAO decreased with 13 K and the resistivity
increased 30 times. For the LSMO/STO sample the transition temperature de-
creased 137 K and the resistivity increased more than 4 orders of magnitude. Since
the misfit between film and lattice is +1.8% for films on LAO and -1.0% for films
on STO, we drew the conclusion that it is more easy to remove oxygen when the
misfit is negative.

In a paper J. R. Sun et al. published results on La0.67Ca0.33MnO3 films on
STO and NdGaO3 (NGO) [95]. The mismatch for films on STO was -1.1% and
neglible for films on NGO. They found that oxygen was more easily removed from
the LCMO/STO sample, which had the larger mismatch. Their explanation goes
like this. The LCMO/STO film is under tensile stress. By the removal of oxygen
Mn4+ has to change into Mn3+ to restore electric neutrality. Mn3+ has larger
ionic radius than Mn4+ and therefore the strain energy is decreased. This can also
explain why it is more difficult to remove oxygen from our sample on LAO. Since the
film is under compressive strain, nothing will be gained by the removal of oxygen.
Some further conclusions can be drawn from this reasoning. Since a compressively
strained film can release strain energy with the presence of Mn4+ there is a “force”
that wants to fill the oxygen positions, the time required for annealing to fill the
oxygen positions should be less than for a film under tensile strain. Further on,
the Sr2+ substitution of La3+ should be more favorable for films under compressive
strain, since this substitution will change Mn3+ to Mn4+, which will decrease the
compressive strain. All this means that there should be stoichiometric differences
in thin films made on substrates with different signs of the mismatch.

If we now return to the question of the lowering of the transition temperature
in films under different signs of strain, we now have a possible explanation. Thin
films on LAO is under compressive strain that will increase the deviation of the
Mn-O-Mn angle from the ideal 180◦ , lowering the transition temperature. The
tensile stress on films on STO will decrease the deviation of the bond angle, which
would increase the transition temperature, but in order to decrease the strain in the
film oxygen vacancies are introduced, which will decrease the strain, but also lower
the transition temperature because there will be fewer Mn4+ and Mn3+ pairs.

In the beginning of this section a thick oxygen deficit sample was discussed, see
figure 5.7. A question is why does this film have a higher resistivity than the thin
film with the same transition temperature? There is a clear correlation between
resistivity and transition temperature since the resistivity depends on the number
of manganese spins with the same orientation. The resistivity also depends on
defects, such as dislocations and grain boundaries, and scattering from spin waves
and other excitations. The reason for the higher resistivity for the thicker film, can
be that this film, made in a low-oxygen ambient, is oxygen deficit throughout the
whole thickness, while the thinner film might have “top” layers that have good, or
at least better, oxygen stoichiometry.
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Chapter 6

Summary of results

This sections summarizes each appended paper and manuscript and also states the
degree of my participation.

6.1 The dominance of stress anisotropy on giant
magnetoresistance in nanostructured
La0.7Mn1.3O3 films

We examined the thickness dependence of self-doped La0.7Mn1.3O3 thin films made
using magnetron sputtering on LaSrGaO4 substrates. The films had a thickness
ranging from 1200 Å to 100 Å. We found that the transition temperature moved
down with decreasing thickness. The substrates were slightly miscut (1◦ -2◦) and
this introduced an anisotropy of the resistivity in the film plane, which decreased
with increasing thickness and disappeared for the 480 Å film.
My contribution

I measured x-ray diffraction and participated in the analysis and preparation of the
manuscript.

6.2 Epitaxial ferroelectric/giant magnetoresistive
heterostructures for magnetosensitive memory
cell

The main result of this paper is to show the coexistence of colossal magnetoresis-
tivity and ferroelectricity in a Pb(Zr0.52Ti0.48)O3 / La0.67Ca0.33MnO3, heterostruc-
ture grown onto a LaAlO3 substrate by pulsed laser deposition. This was one of
the first successful attempts to use manganite as conducting layer in a ferroelectric
vertical cell capacitor.
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My contribution

I mainly contributed with the x-ray diffraction measurements.

6.3 Colossal magnetoresistance in ultrathin
epitaxial La0.75Sr0.25MnO3 films

This paper describes the thickness dependence of resistivity, magnetoresistance and
the transition temperature of La0.75Sr0.25MnO3 films on SrTiO3 and LaAlO3 sub-
strates. Films with thicknesses from 3300 Å to 32 Å were made. The different
substrates have mismatch of different sign and introduces tensile and compressive
strain in the films. Despite of the different signs the effect is similar with decreasing
thickness. The transition temperature decreases and the resistivity increases. By
annealing two 1000 Å thick films, made on different substrates, we show that the
oxygen is more easily removed from films under tensile strain. This implies that
the change of properties of the films on different substrates, are caused by different
mechanisms. Compressive strain changes the Mn-O-Mn bond angle and reduces the
transition temperature, while tensile strain causes oxygen deficiency which has the
same effect. A more extensive discussion of these results can be found in chapter 5.
My contribution

I made x-ray measurements and participated in the analysis and preparation of the
manuscript.

6.4 Transport anisotropy in PLD-made
La0.75Sr0.25MnO3 films

A series of La0.75Sr0.25MnO3 thin films with thicknesses between 2400 Å to 50 Å ,
made with pulsed laser deposition on [110]-oriented SrTiO3 substrates are char-
acterized by transport measurements and atomic force microscopy (AFM). These
samples has an in-plane anisotropy of the resistivity that depends on the film thick-
ness and temperature. We explain this from the grain structure infered from the
AFM images.
My contribution

I measured x-ray diffraction, participated in the film preparation and transport
measurements, and did most of the analysis and writing.

6.5 La0.75Sr0.25MnO3 thin films on 8◦ vicinal SrTiO3

substrates

This manuscript describes an experiment where we tried to induce step-flow growth
of thin films, using vicinal substrates. The goal was to maximize the tempera-
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ture coefficient of resistivity (TCR). La0.75Sr0.25MnO3 thin films were deposited on
8◦ vicinal and non-vicinal substrates. Two sets of films with thicknesses of 5000
Å and 300 Å, were deposited. These were characterized using AFM and transport
measurements. The AFM images showed grains that are elongated perpendicular
to the steps of vicinal substrates, for the 5000 Å films, and a more square type of
grains for the 300 Å films. It is clear that step-flow growth was not introduced.
Resistivity measurements showed a small in-plane anisotropy for the 5000 Å film,
but none for the 300 Å film.
My contribution

I participated in the processing of the films, measured transport properties and
prepared the manuscript.

6.6 Improved quality of CMR manganite films by
substrate treatment

This manuscript describes further experiments to maximize the TCR in mangan-
ite thin films. Before the deposition, two 8◦ vicinal and one regular (non-vicinal)
substrates were treated with NH4F−HF (BHF), which selectively etches the SrO
planes and leaves a uniform surface termination layer. La0.7Pb0.3MnO3 was de-
posited onto these substrates and the films were characterized by resistivity mea-
surements and x-ray diffraction. The rocking curves indicate an improvement of
the film quality of the films made on etched substrates. The TCR showed a certain
improvement.
My contribution

I participated in the processing of the films, measured resistivity and prepared the
manuscript.

6.7 Transport anisotropy in hetero-amorphous
(CoFeB)-SiO2 thin films

We present resistivity and magnetoresistance measurements of two granular (CoFeB)-
SiO2 thin films. These films have been prepared by a special technique where the
substrates are sitting on a rotating cylinder. This induced in-plane anisotropy of
the magnetic properties and the resistivity. In one sample the magnetoresistance
exhibits a mixture between anisotropic magnetoresistance (AMR) and giant mag-
netoresistance. We believe that this has not been observed in amorphous films
before.
My contribution

I measured resistivity and magnetoresistance, x-ray diffraction, did all analysis and
prepared the manuscript.
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6.8 The anomalous Hall effect in ultrathin
La0.67Sr0.33MnO3 films

In this paper we present measurements of the Hall effect in ultrathin La0.67Sr0.33MnO3

films. The films were 300 Å and 42 Å. A 32 Å film proved too difficult to measure.
We explain the properties of the Hall resistivity from arguments about strain and
oxygen deficiency, connecting to our previous papers.
My contribution

I built the measurement set-up, measured the Hall resistivity, made all analysis and
prepared the manuscript.

6.9 Hall-Measurements Setup

This manuscript is a manual for the Hall-measurement setup that I built in order
to make temperature and field-dependent measurements of the Hall resistivity.
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