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Chapter 1

Introduction

Transition metal oxides with the perovskite structure are strongly correlated elec-
tron systems which show diversity in physical properties caused by the competition
between charge, spin and orbital degrees of freedom. Examples of such systems
are PbTiQ which shows ferroelectricity, L&CuO, and LaMnQ which are Mott in-
sulators and SrTi@Q (STO) which is a high k dielectric. Even larger diversity in
physical properties arises upon doping (electrons or holes) into the insulating matrix,
through substitution of different ions. This leads to highduperconductivity in (La,
SrpCuOy and ferromagnetic metallic behavior in (La,Ca)MnOhe occurrence of
various types of collective behavior (superconductivity, magnetism, ferroelectricity)
within one class of crystal structures makes them appealing for fundamental studies,
for researching novel phenomena by combining different properties in hybrid mate-
rials, and also for applications. Especially, the fact that doping the insulators invokes
a metal-insulator transition in many of these compounds allows to think about elec-
tric field control of the metallicity or conductance such as already exploited in Field
Effect Transistors (FET). Currently FET's are based on conventional structures such
as Si. However, the dimensions of these semiconductor microstructures are reaching
their intrinsic physical limit. Further increase of circuit density requires the consid-
eration of different channel and gate-oxide materials, such as transition metal oxides,
and redesigning the device microstructure. The perovskite oxide class provides a
wide range of materials which might be used in such devices. For instance in ref.
[1], conductivity switching of the perovskite type material, Y.8asO,_s (YBCO)

is explored, by varying the doping level with an applied electric field. In the reported
nanoscale device, use was made of the fact that thin films of YBCO can be epitaxi-
ally grown on STO, but that at the same time the high electric polarizability of STO
allows it to be used as a gate oxide.

Our goal is the characterization of the electrical transport properties of
Lag 67Ca.33Mn0O3 (LCMO) thin films and micron-sized structures, to investigate
novel behavior for a better understanding of the physics in these small geometries

1



2 Chapter 1. Introduction

and material functionality in view of possible future application . The use of thin film
growth is necessary to investigate transport on mesoscopic lengthscales. In this the-
sis a process to successfully grow and pattern thin LCMO films into microbridges is
presented. We investigate the differences in magnetotransport properties going from
as-grown unstructured thin films to microbridges with micron dimensions. The focus
here is on films grown on STO substrates, which can be used as backgate dielectric,
but which also imposes tensile strain on the LCMO thin film. This makes it neces-
sary to investigate the influence of strain states and disorder. That is done by using
substrates imposing less strain, but also through varying the amount of atomic steps
on the STO substrate surface. Substrates which contain unit cell high steps on the
surface impose variations of crystallographic disorder in the film; this may influence
transport, especially on small length scales. The FM-PI phase transition is susceptible
to such crystallographic disorder (doping disorder, oxygen nonstoichiometry, defects
from strain relaxation, twinning, and grain boundaries) which can lead to an inho-
mogeneous state in which the insulating and metallic phases coexist on a variety of
length scales. For strained LCMO microbridges, we show that the percolative nature
of the conductance leads to E-field sensitivity. Furthermore, the conductance shows
non-linear behavior and even a novel kind of melting of the insulating state, which
we attribute to the formation of an intervening glassy polaron state when going from
the correlated metal to the polaronic insulator.

Outline of the thesis

In the following a short outline of this thesis is given.@mapter 2 we introduce the
material La_,Ca.MnO3. We give a background on the crystal structure, the effect

of doping (the phase diagram), the FM-PI transition and the conduction and (mag-
netic) ordering mechanisms involved. @hapter 3 the experimental techniques
used for sample fabrication, measurements and details on sample characterization
are described, which includes studies of the microstructure and composition of our
thin films. Furthermore, we describe in detail a problem which occurs when conven-
tional Ar-etching is used in the lithography process of LCMO thin films grown on
STO substrates. We also present a solution enabling us to reliably measure current
effects intrinsic to our LCMO microbridges. I@hapter 4 we present the results

of the magnetotransport properties and magnetoresistance measurements of the un-
structured thin films as function of film thickness. We also discuss the influence of
step edges on the transport propertiesChapter 5 we present the magnetotrans-

port properties of LCMO microbridges. @hapter 6 we describe the electric field
effect device and we present results on the effect of electric fields on transport prop-
erties of the microbridges. We correlate the findings flOhapters 4-6in Chapter



7 "Putting the pieces together”.

Large magnetoresistance effects, nonlinear behavior and electric field effects are
observed around the FM-PI transition. For LCMO films on STO substrates the tran-
sition occurs between 100 - 170 K, quite far below room temperature. The material
LCMO can only be used in applications if the transition can be moved closer to room
temperature, without sacrificing the strength of the above mentioned effects. Re-
cently, Shankar et al. [2] claimed that in single crystalline LCMO nanowires, the
Curie temperature is shifted to above room temperature! We conclude the thesis
with an Appendix on the development of a growth procedure for LCMO nanowires,
through a template assisted sol-gel process. We also show some preliminary results
on the characterization of these wires.
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Chapter 2

The physics of doped manganites

The rare earth perovskite oxide manganites have the general formul&RVMnOs,

in which R is a trivalent rare earth element (examples: La, Pr, Sm) and A is a divalent
alkaline earth element, such as, Ca, Sr and Ba. The physics of this class of materials
depends heavily on the amount of A-doping. We start this chapter with a discussion
on the parent compound (LaMgsection 2.1). We explain the effect of Ca-doping

on the crystal structure and the Mn-valence state of the material, which leads to dif-
ferent types of ordering phenomena. At intermediate doping {02 < 0.5) the
material exhibits a combined metal-insulator and ferromagnetic-paramagnetic transi-
tion and the well known colossal magnetoresistance effect (CMR), which is described
in section 2.2.1. At higher doping levels £x0.5) the material is charge and orbital
ordered (CO, O0), which is explained in section 2.2.2. The competition between sev-
eral interactions makes that only small energy differences exist between the different
possible phases of the system. As a result the phase of the material can be tuned by
various external perturbations, such as magnetic and electric fields, strain and disor-
der. These perturbations may lead to large effects (for example orders of magnitude
resistance change by applying a magnetic field: the CMR effect) and can be used for
electronic phase control in manganite devices. In section 2.3 a short overview will be
given on theoretical and experimental efforts concerning phase tuning in manganites.

2.1 The parent compound: LaMnGO;

2.1.1 The Crystal structure

The crystal structure of LaMn§(LMO) is of the ABQO;, perovskite type shown in

Fig. 2.1a. The A-atom is located at the center of the cube and the B-atoms are at the
corners. The B-atoms are surrounded by (coupled) oxygen octahedra which form a
BOg complex. The structure shown here is cubic and is an ideal representation which

5



6 Chapter 2. The physics of doped manganites
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Figure 2.1 — Crystal structure of LaMn@ The A-site is occupied by La-ions and the B-site is oc-
cupied by the Mn-ions. The white spheres indicate the six oxygen ions which surround the Mn-ion.
a) ldeal cubic structure with t = 1. b) The orthorhombic (Pnma) structure with the buckling of the
octahedra around the b andc axes.

only holds when the tolerance factor t,

(TA + To)

V2(rg +10)

+ — (2.1)

is equal to 1 (4, rp and p denote the radii of respectively the A, B and oxygen
atoms) [1]. Consequently when the A-atoms do not have an optimal size compared
to the BQ; complex the tolerance factor deviates from 1 (for La, Sr and Ga, t

1). This results in the buckling of the octahedra in order to accommodate the A-
atom and fill the extra empty space. The buckling consists of cooperative rotations
of the MnQ; octahedron around one or several axes of the initial cubic lattice. The
amount of rotation depends on the value of the tolerance factor and for values close
to unity the distortions lead to a rhombohedral structure. For lower values (in general
t < 0.96) the rotations around the b andc axis, which are denoted in Fig. 2.1b,
result in the formation of the orthorhombic (Pnma) structure; this structure has lattice
parametersﬂac, 2a. andv/2a., with a. the lattice parameter of the cubic lattice.

In the case of La_,Ca.MnOs, the structure is orthorhombic for the parent material.
Upon doping the average radii of the A and B site are reduced, however the structure
remains orthorhombic for x> 1, CaMnG [2].
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2.1.2 The electronic configuration

The electronic configuration of the Mn atom is°3d*, with degenerate 3d and 4s
levels. The degeneracy of the 3d shell is partially lifted when the ion is incorporated

&
%
hY

w
L
)

3domitals >0

tag yz, 2

& @

Figure 2.2 — Electronic configuration of Mn-ions in LaMn© From left to right: the degeneracy of

the five 3d energy levels is partially lifted by the crystal field, into the lower energy triplet leygls, t
and the higher energy doublet levelg, &he b, levels are half filled and for the M ion one electron
occupies the glevel. Jy denotes the Hund’s rule coupling between the electrons insthartd g

levels, which results in alignment of the spins. The presence of the electron i teeetleads to
so-called Jahn Teller distortions of the oxygen octahedra which further lifts the degeneracy of energy
levels. The different electron orbitals, which correspond to the energy levels, are indicated. The figure
is taken from Tokura et al [3].

in a crystal lattice, which destroys the rotational invariance of the atom. The crystal
field splitting results in formation of & triplet (d,,, d,., d.;) and an g doublet
(dy2_,2,05,2_,2), see Fig. 2.2. Theoretical calculations of the crystal field strength
are reported by Dagotto et al [4]; values estimated from optical spectra are between
1 and 2 eV [5]. The Mn-ions have a partially filled 3d shell which is, in the case
of Mn3*, 3d* and for Mrit*, 3. The Hund’s rules are a simple tool to determine
which electron and spin configuration, in a multi-electron system, is the ground state.
One of the rules dictates that the lowest energy state corresponds to the state with
maximum spin angular momentum, S. The strong Hund'’s rule coupling between the
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tyy and g levels leads to the configuratioﬂ]e; (S = 2, magnetic moment = #p),

for Mn3*+ and g; (5= % magnetic moment = ), for Mn**. The superexchange
interactions in the parent material %_Wn3+o§— lead to so-called A-type antiferro-
magnetic ordering of the magnetic moments on theéMsites. The metallicity of

the material is determined by the competition between the strength of the inter-site
hopping (responsible for band formation with bandwidth W), the electron-phonon
coupling (Jahn-Teller distortions) and the on-site Coulomb repulsion U (fatoW

a Mott-Hubbard gap is formed between the occupied and unoccupiledels [6]).

As a result the parent compound is an antiferromagnetic Mott insulator.

2.1.3 Jahn-Teller distortions

The crystal field splitting does not fully lift the degeneracy of the energy levels of
the Mn-ion. The remaining degeneracy is lifted by the Jahn-Teller distortions of the
oxygen octahedron around the Knion. The Jahn-Teller (JT) theorem states that a
nonlinear molecule with a degenerate ground state is unstable; a geometric distortion
lowers the overall energy of the molecule and lifts the degeneracy of the ground state
(costs elastic energy, gains electronic energy). In LMO the strong JT distortions lead
to cooperative static distortions throughout the lattice which results in orbital order-
ing at the Mn-site. Depending on the Mn - O bond lengths on either side of the anion
this results in an antiferromagnetic (orbital ordered) ground state. The large value for
U prevents delocalization of the, e@lectrons. The static cooperative JT distortions
results in a lowering of the energy of the Rinion but the energy of the M -ion,

which is not a JT ion, remains unchanged. Therefore, hole doping disrupts the co-
operative effect and leads to delocalization. In the doped crystal lattice, thg)3d (e
orbitals of the Mn-ion overlap with the 2p orbitals of the oxygen ions [5, 7]. The
overlap of thed, orbitals with the 2p orbitals of the oxygen is small. The hybridiza-
tion results in the delocalization of the conductiop)(electron, it is smeared out
over the Mn-O bond. This delocalization results in the formation of four covalent
bonds [8]. The different JT modes, stretching and contracting of the Mn-O bonds
(Q, and @) can be degenerate in energy. This degeneracy can be removed by letting
the octahedron resonate between the two stable configurations. In this way the Mn -
O distances on either side of the oxygen are oscillating [8]. Assuming that changes
in the electronic configuration of the Mn-ion occur on a much faster timescale than
the nuclear vibrations and, that the two are strongly coupled, the response is adiabatic
and is called quasistatic.
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2.2 Competing phases and ordering phenomena

The insulating state of the parent compound can be changed into, for instance, a
ferromagnetic metallic state by introducing doping. ReplacingLaith C&™ in-
troduces mixed Mn-valence, (£8,Ca*)(Mn?*_Mn’+) and leads to a wide variety

of structural, electronic and magnetic phases (Fig. 2.3). In this section we give an

La;.,Ca,MnO;

3/8 5/8

350 T T T T T
300

250

4

5 200

2

;‘2 150

§ 1of (H: i

= CAF: : % i
s0f /?0\ AF {CAF -
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00 0.1 02 03 04 05 06 07 08 09 10

Cax

Figure 2.3 — Phase diagram of the material{La.Ca,MnOs. A wide range of physical properties
is indicated as function of x (Ca-doping) and T (temperature). The acronyms in the figure are, PI:

paramagnetic insulator (C)AF: (canted) antiferromagnetism, CO: charge ordering, Fl: ferromagnetic
insulator. Taken from ref. [4]

overview of the physical properties of La.,Ca,MnOs for intermediate and high
doping levels. In the case of intermediate doping, the striking feature of this material
is the presence of a combined metal-insulator and ferromagnetic-paramagnetic (FM-
P1) transition at transition temperatureg,J (section 2.2.1). At higher doping levels

the material becomes charge and orbital ordered (section 2.2.2).

2.2.1 Intermediate doping

The electrical transport properties of a bulkyl&a, 3sMnO3 single crystal shows a

drop in resistance of a few orders of magnitude when it is cooled through the metal-
insulator transition, T;; = 250 K. Magnetization measurements show that this large
resistance change is coupled to an onset in magnetization (see Fig. 2.4). Around the
transition, a large reduction in resistance is induced by applying a high magnetic field,
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Figure 2.4 — (Right axis) resistance vs. temperature diagram of a bulk.Ca sMnOs single crystal
in 0 and 9 T applied magnetic fields. (Left axis) magnetization vs. temperature. Taken from [9].

this is called colossal magnetoresistance effect. The conduction mechanisms above
Tumr (polaron hopping) and below,}; (double exchange) are different as will now
be discussed.

Polaron hopping

In the paramagnetic insulating state the conduction mechanism is similar to that of
electrons which move through an ionic (polar) lattice. The Coulomb interactions
with the ions cause a polarization of the immediate vicinity of the electron, and it
drags this polarization cloud with it when it moves through the lattice. In the case
of manganites this polarization cloud consists of lattice phonons, which exist only
around the MAt-ions, because of the electron-phonon coupling and the Jahn-Teller
distortion (see Fig. 2.1) of the oxygen octahedron. The distortion creates a potential
well for the g-electron, which has a self-trapping effect. The electron together with
the lattice distortion is called a polaron. When enough energy is provided (through
lattice vibrations) the polaron can hop to a neighboring¥rwhich is not a Jahn-
Teller ion since it has an unfilled,devel [10]. Upon hopping theeelectron needs

to drag along its lattice distortion. Consequently the conduction behavior ahgye T

is thermally activated,
—E4

R = Roezz:p(m) (2.2)
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with activation energy & [11]. The polaron is called small when the particular elec-
tron only distorts the lattice in its immediate vicinity. However, the distortions can
extend across multiple lattice spacings creating a large polaron. If too large, the low
temperature state of this system becomes a (cooperative Jahn-Teller) insulator.

Double Exchange Mechanism

Zener first described the low temperature magnetic ordering and conduction mecha-
nisms in transition metals. He argued that the spin coupling (Hund’s rule) between
the incomplete d-shell{) and the conduction electrons,jdeads to ferromagnetic
alignment of the spins [12]. In a second effort he presented the Double Exchange
mechanism [13] as the low temperature conduction mechanism. It describes a two
electron hopping process from the Rinrion to its neighboring Mft-ion which is
mediated by the 2p orbital of the oxygen ion in between. The hopping strongly de-

Mn3+ e Mn# Mn3* >< Mn#4+

Mn3+ 3d* Mn#+ 3d° Mns+ 3d* Mn4+ 3d3

Figure 2.5 — Double exchange mechanism as proposed by Zener et al. [13]. Two electron hopping
process between neighboring Mn-sites mediated by the oxygen in between.

pends on the relative angle between neighboring spins and Anderson [14] showed
that it can be denoted by an effective hopping parameter which is proportional to
cos@,/2). As a result hopping is maximal if the spins on the“Mrsite are aligned

with the spin of the conduction electrofi,(= 0) and completely forbidden in an
antiferromagnetic staté{ = ) (see Fig. 2.5).
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Metal-insulator transition

It was realized by Millis et al. [15] that the disappearance of the spin scattering
in the Double Exchange mechanism is not enough to explain the large resistance
change in the transport properties of CMR-manganites. The metal-insulator transition
for intermediate doping levels is caused by the competition between the electron-
phonon interaction and the inter-site hopping parameger The competition can be
described by the dimensionless ratio,

Ejr
tesy
between g, the energy gained by the electron-phonon coupling without hybridiza-
tion, and t;s. The temperature dependence)f; comes from the hopping pa-
rameter. This ratio would lead to insulating behavior aboyg;,Tdue to electron
localization and itinerancy below the transition. Furthermore, the buckling of the oc-
tahedra, and therefore the Mn-O-Mn bond angles and distances, are very important
in determining the one electron bandwidth of the material,

Aeff = (2.3)

2
W o 050 (2.4)

l3'5

Mn—0O
with 6 the bond angle and/,,_o the bond length. The large bandwidth, for instance
in the material (La,Sr)Mn@ results in a metal-insulator transition which is second
order. However, for smaller tolerance factors (as in LCMO) the bandwidth is de-
creased and the corresponding loss of itinerancy results in a reductigp;dBYand
a stronger first order component of the transition. It is this closeness to a first order

transition which is important for the remainder of this thesis.

The Colossal Magnetoresistance effect

Around the transition the Pl and FM phases coexist, which results in an electronically
inhomogeneous state. When a high magnetic field is applied, spins are aligned. As a
result the metallic domains grow at the expense of insulating regions and the transi-
tion shifts to higher temperatures (see Fig. 2.4). Application of high magnetic fields
leads to a resistance drop of a few orders of magnitude around the transition, the well
known CMR effect.

2.2.2 Low and high doping: charge and orbital ordering

The tolerance factor, which causes the average tilt angles of the oxygen octahedra,
determines the bandwidth or hopping parameter of the system. The JT distortions
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(see section 2.1.3) are added to this effect and create additional local lattice defor-
mations. In the case of the parent material, LaMntBis leads to long range order,

i.e. cooperative static JT effect. The orbitals on the’Whsites are highly directional

and orbital order occurs (see Fig. 2.6a), which leads to A-type antiferromagnetism.
Long range order also occurs at higher doping levels. At x = 0.5 equal amounts of
Mn3t and Mri+ are present in the material, causing the’Mand Mri+ to arrange
themselves on alternate Mn-sites. The electron orbitals are also ordered, which re-
sults in a zigzag chain-like structure with ferromagnetic coupling in the direction of
the ligands. Perpendicular to the ligands the superexchange interactions [8] lead to
antiferromagnetic coupling. This is called the checkerboard (CE) [4] pattern which
is shown in Fig. 2.6b (white spheres, Mnand black spheres, Mn). If the band-

Figure 2.6 — Various types of charge and orbital order for different doping levels, x, in
La;_,Ca;MnOs. a) The ordered state in LaMrOb) The checkerboard (CE) type ordering for doping
x = 0.5. ¢) Charge and orbital order for doping level x = 2/3. Taken from Dagotto et al. [4].

width (i.e. itinerancy) of the system is reduced, the charge-ordered state can occur
over larger doping range (see Fig. 2.6c, for doping x = 2/3). From Fig. 2.6 it may
seem that the charge ordering is always accompanied by orbital ordering. However,
here we note that the temperature at which charge order setg ) (3 not neces-
sarily equal to the temperature at which orbital order starts to oceus )X T

2.3 Electronic phase control

The different phases, described in the previous sections are caused by various com-
peting interactions. The small energy differences between these interactions can
lead to electronically inhomogeneous states [16]. Several theoretical efforts have led
to possible mechanisms to explain the inhomogeneity in manganites. For instance
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Burgy et al [17] demonstrates the relevance of quenched disorder and cooperative
effects. Furthermore, Ahn et al [18] have shown that the strong coupling between

electronic and elastic degrees of freedom, i.e. epitaxial strain and lattice distortions,

can be used to tune the multiphase state.

2.3.1 Epitaxial strain as a tuning parameter

In the past decade the experimental developments have led to the ability to grow
manganite thin films of increasingly good quality. The lattice mismatch between film
and substrate, which induces different strain states for various substrates, leads to
tunability. The use of epitaxial strain in electronic phase control has already been
demonstrated by Konishi et al [19]. In Table 2.1 we denote the different pseudocubic
lattice parameters;; for various commonly used substrates; the bulk pseudocubic
lattice parameter of Lgs7Cay 33MnO3 (LCMO) is a, = 0.386 nm and the lattice mis-
match is given by m =;, — as/ap*x 100%. In epitaxial thin films, the imposed strain

Table 2.1 — We indicate the pseudocubic orientation and lattice parametesf several substrates

which are commonly used. We also give the lattice mismatch of the substrate compared to the pseudocu-
bic bulk lattice parameter of ltaszCay.33Mn0Os, ap = 0.386 nm. Note: for NGO (100) in pseudocubic
notation is (110) in orthorhombic notation.

substrate] SrTiO; | NdGaQ | LaAlOs
(100) (1200) (100)
as (nm) | 0.391 0.387 0.379
m (%) -1.29 -0.26 1.81

directly influences the Mn-O bond length and the Mn-O-Mn bond angles. For com-
pressive strain (LaAlg) this can lead to enhancement of the transition temperature.

In the case of SrTig) the introduction of tensile strain leads to enhancement of the
electron-phonon coupling, which hampers band formation. As a result the transition
temperature is decreased compared to the bulk value and suppression of ferromag-
netism leads to a reduction of-T[20]. Films grown on (almost) lattice matched
substrates (NdGaf) and thickness dependencies show that strain relaxation results
in enhancement of 3 towards the bulk value [21]. Lattice effects, similar to epitaxial
strain, can also be induced by applying external pressure [22].

2.3.2 Disorder-induced effects

Sensitivity to (local) changes in the crystal structure provides disorder as another
tool for phase tuning. Introducing doping into transition metal oxides results in ran-
dom distribution of the rare earth and alkaline ions. Therefore, the doping inherently



Section 2.3. Electronic phase control 15

causes crystallographic disorder. In CMR manganites, this leads to the tendency to
form a phase separated state. However, several types of disorder can be (intention-
ally) incorporated into thin films. For instance, the application of epitaxial strain leads
to incorporation of misfit dislocations [23] in Ba, Sr, TiO3. Furthermore, Drr et al.

[24] shows that vacuum annealing LCMO after growth, leads to oxygen deficiency.
Reduction in oxygen stoichiometry results in a reduction of manganese valence to
Mn3+, which changes the electrical transport properties dramatically. However, also
other systems, such as charge ordered manganites, are sensitive to disorder. For in-
stance, Yang et al. [25] studied the magnetic field induced melting of charge order in
Pry.5sCa 5MnO3. The introduction of disorder, through annealing and addition of a
buffer layer YBaCu;O;_s, results in a large decrease of the required melting field.

We will show in this thesis, that the sensitivity to external perturbations, such as
magnetic fields, strain and electric fields provides a tool for electronic phase control
in LCMO thin films. We use STO substrates, which contain unit cell high steps
on the surface, to introduce additional crystallographic disorder in our thin films.
Furthermore, we will show that going to micron-sized LCMO structures leads to
novel behavior such as E-field sensitivity which we attribute to the occurrence of an
electronically inhomogeneous state, and strongly nonlinear behavior in the transition
which we attribute to the occurrence of an intervening charge ordered phase.



Bibliography

[1] G.H. Jonker and J.H. Van Santen, Phy<i6a337 (1950); Jonker G. H and Van
Santen J.H., Physicks, 337 (1950)

[2] R. Sopracase, G. Gruener, E. Olive, and J.-C. Soret, Physi$#@3345 (2009)
[3] Y. Tokura and Y.Tomioka, C, J Mag. Mag. M&00, 1 (1999)

[4] E. Dagotto, T. Hotta, and A. Moreo Phys. R&d4, 1 (2001)

[5] J. M. D. Coey, M. Viret, and S. von Molnar, Adv. Phyk3, 167 (1999).

[6] N. N. Kovaleva, A. V. Boris, C. Bernhard, A. Kulakov, A. Pimenov, A. M.
Balbashov, G. Khaliullin, and B. Keimer, Phys. Rev. L&8, 147204 (2004);
N. N. Kovaleva, A. M. Oés, A. M. Balbashov, A. Maljuk, D. N. Argyriou, G.
Khaliullin, and B. Keimer, arXiv:0907.5098v1 [cond-mat.str-el]

[7] Y. Tokura and N. Nagaosa, Sciernz@8 462 (2000)

[8] Goodenough, Magnetism and the chemical bond, John Wileons (New
York - Londen - Sidney) 1963

[9] S. Freisem Ph.D. thesis, University of Leiden, 1999

[10] The Mrtt-ion, although not a Jahn-Teller ion, can couple to the lattice through
the so-called breathing mode (A.J. Millis, Natl8@2, 147 (1998)).

[11] T.T.M. Palstra, A.P. Ramirez, S-W. Cheong, and B.R. Zegarski, P.Schiffer, J.
Zaanen, Phys. Rev. B6, 5104 (1997)

[12] C. Zener, Phys. Reg1, 440 (1951)
[13] C. Zener, Phys. Re@2, 403 (1951)
[14] P. W. Anderson and H. Hasegawa, Phys. Ré@ 675 (1955)

[15] A. J. Millis, P. B. Littlewood, and B. | Shraiman, Phys. Rev. Lé#, 5144
(1995)

16



BIBLIOGRAPHY 17

[16] M. Uehara, S. Mori, C. H. Chen, and S. -W. Cheong, Nag#® 560 (1999)
[17] J. Burgy, A. Moreo, and E. Dagotto, Phys. Rev. L8&, 097202 (2004)
[18] K.H. Ahn, T. Lookman, and A.R. Bishop, Natui8 401 (2004)

[19] Y. Konishi, Z. Fang, M. lzumi, T. Manako, M. Kasai, H. Kuwahara, M.
Kawasahi, K. Terakura, and Y. Tokura, J. Phys. Soc. 8813790 (1999)

[20] Z.Q. Yang, R. Hendrikx, J, Aarts, Y. Qin, and H. Zandbergen, Phys. Réd7 B.
024408 (2003)

[21] J. Aarts, S. Freisem, and R. Hendrikx, and H.W. Zandbergen, Appl. Phys. Lett.
72, 2975 (1998)

[22] A. Arulraj, R. E. Dinnebier, S. Carlson, M. Hanfland, and S. van Smaalen,
Progress in Solid State Chemis8§, 367 (2007)

[23] K. Terai and M. Lippmaa, P. Ahmet and T. Chikyow, T. Fujii, H. Koinuma, and
M. Kawasaki, Appl. Phys. LetBO, 4437 (2002)

[24] KDorr, J M De Teresa, K-H Mller, D Eckert, T Walter, E Vlakhov, K Nenkov,
and L Schultz, J. Phys.: Condens. Matt@r 7099 (2000)

[25] Z. Q. Yang, R. W. A. Hendrikx, P. J. M. v. Bentum, and J. Aarts, Europhys.
Lett., 58, 864 (2002)






Chapter 3

Sample fabrication and
characterization

As was described in the previous chapter the physical properties of the material (La,
Ca)MnQ; depend heavily on crystal structure. In epitaxial thin films the lattice pa-
rameters, i.e. Mn-O-Mn bond lengths and angles, of the manganite can be varied by
choosing a suitable substrate with a corresponding lattice mismatch. In this chapter
we describe the film growth and characterization of thin films grown on three different
substrates, SrTiQ(STO) (tensile strain) with a misorientation &f0.2° in random
directions which we denote as flat, NdGaMNGO) (lattice matched) and SrTiO

with misorientation of 1 towards the [010] direction. The misoriented substrate has
unit-cell high steps on the surface with an average terrace lengtt26fnm. Here we
define the nomenclature which we will use throughout this thesis to refer to our films.
Films grown on flat STO are indicated byd)( with d the film thickness (rounded to

the nearest integer value), films grown on misoriented STO kY, l:( and films on

NGO, by L{d)nco- This nomenclature provides every film with an unique sample
name. We also describe the process developed to structure the films into micro-
bridges, which is necessary to investigate properties intrinsic to (La, Caj)Mdo@n

to mesoscopic length scales. The thin film growth process is discussed in section
3.1. In section 3.2 we discuss the characterization methods, AFM (Atomic Force
Microscopy) and XRR (X-ray reflectivity), which are used to determine morphology
and film thickness. We also present the characterization of the lattice parameters with
RSM (reciprocal space mapping). High resolution transmission electron microscopy
(HR-TEM) and electron energy loss spectroscopy (EELS) are used to determine the
microstructure and composition of our thin films as discussed in section 3.3. After
characterization the films are structured into microbridges as presented in section 3.5.
Section 3.6 describes the measurement equipment, and section 3.7 discusses how to
overcome a specific problem that occurs when conventional Ar etching is used with
STO substrates, namely that the substrate surface becomes conducting.
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3.1 Thin film growth

We use the DC-sputtering technique to grow the films which are studied in this thesis.
Here we briefly describe the sputtering and growth processes.

3.1.1 DC-sputtering

In the case of DC-sputtering the process chamber is filled with an inert gas, such as
argon. This process gas is ionized by applying a voltage between the cathode (the
target), and the chamber, which is grounded. The electric field near the target sur-
face results in the emission of electrons which are accelerated away from the target
surface. These electrons ionize the Ar gas and the resultingigkrs are accelerated
towards the target, creating material fragments (mainly atoms) upon impact. Depend-
ing on the Ar pressure a glow discharge ignites which leads to a stable plasma when
a sufficient ionization rate is reached. The fragments of target material are deposited
onto a substrate which is mounted near the target. The ionization efficiency due to
the secondary electrons can be enhanced by placing a ring magnet underneath the tar-
get, which results in confinement of the electrons. This process is called magnetron
sputtering. DC-sputtering only works for conductive materials. Insulating materials
would build up surface charge during the process, which would screen the electric
field and hence, the ion current would die off. In that case an AC current has to be
supplied.

3.1.2 Reactive DC-sputtering

The above process is generally used for the growth of thin films; however, to grow
perovskites oxygen is used as the process gas. This is called reactive sputtering since
the oxygen reacts with the material fragments and is incorporated into the film during
the growth. The oxygen content of the material is an issue; it is dependent on the oxy-
gen pressure during growth and subsequent annealing steps. Reactive gasses can also
form negatively charged ions, by splitting up into its constituents instead of ionizing
the whole molecule. Therefore, the oxygen ions will be accelerated towards both the
target and the growing film. This causes the material of the film to be back-sputtered
towards the target. By tuning the oxygen pressure w.r.t. target-substrate distance this
effect can be minimized. A high surface mobility of the material fragments that reach
the substrate surface, is crucial to obtain an epitaxial thin film. For the formation of
the compound as well as sufficient surface mobility of the atoms, a high temperature
is required. For growth of the LCMO films we used a substrate temperature of 840
°C.
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3.1.3 Growth process

All films were grown using the reactive DC-sputtering technique. The target has a
nominal composition of Lgg7zCay 33MnO3 (LCMO) and the films are grown on STO

and NGO substrates. Typical substrate dimensions are 10 x POwitma thickness

of 0.5 mm. The substrate is glued on a heater with Silver Paste Plus, which is dried
at 300°C for 1h. Side plates, which are mounted around the substrate, ensure better
temperature homogeneity near the edges of the substrate. Before starting the growth
a base pressure around10Pa is reached. Pure oxygen is let into the system at a
pressure of 300 Pa which is regulated and maintained by the rotation speed of the
turbopump. The sputtering current is 350 mA and after heating the substrate to 840
°C, the substrate is rotated above the plasma and growth is timed. Typical thicknesses
for our films vary between 7-50 nm with a growth rate of approximately 0.8 nm/min.
Here we note two parameters that are important in determining the quality of the film
growth. One is the growth rate. When the film is grown in "slow’mode (rafe6

nm /min), the quality of the film growth is unstable, which leads to many different
morphologies (very granular, different shaped holes, see Fig. 3.1) and different trans-
port properties (for example the absence of the metal-insulator transition). A second
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Figure 3.1 — (Left) AFM image (scan size: 10 x 10m?) and (right) profile of 75 nm LCMO film on
a STO substrate as an example of morphology due to slow growth rate. Scaledpar: 2

issue that has to be taken into account is the aging of the target. It appears that with
time the growth rate of the target goes down. A solution would be to keep decreasing
the target-substrate distance, which cannot continue indefinitely. We have found that
the introduction of water during the conditioning of the target improves the film qual-
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ity. We believe that the water adheres better to the target and results in an increase
of oxygen ions during conditioning. It has been reported before [1] that addition of
water during growth of YBa,Cu;O;_s films helps to prevent and even reverses the
aging of the target.

3.2 Sample characterization

Both before and after growth substrate and film are characterized using an Atomic
Force Microscope (AFM). Furthermore, thickness of the film and in- and out-of-
plane lattice parameters are measured with x-ray reflectivity measurements. Some
films were investigated by Reciprocal Space Mapping (RSM).

3.2.1 Morphology and film thickness

Before the film is grown we check the quality of the substrate with an AFM. One
issue to be discussed is the surface termination of the STO, which can be either a
TiO5- or an SrO-layer. Commercial substrates have mixed termination but can be
treated to become singly terminated, with the Ji€urface easier to fabricate and
more stable. Some of the misoriented STO substrates underwent a surface treatment
to obtain a TiQ termination; the other substrates have mixed termination. Whether
this is of influence on the film properties which are investigated in this thesis will
be discussed later. In Fig. 3.2 we show typical topography and profiles of two STO
substrates with misorientation of bf which the one in Fig. 3.2 (right) is singly
terminated. From the profiles it becomes clear that both substrates have terraces with
an average length of around 20 nm. However, there is also a clear difference. The
step height on the unterminated STO varies from half to a full unit-eel0 @ nm)

while the terminated STO only shows unit-cell high step edges. Typical AFM results
for LCMO thin films on both flat STO and unterminatetrhiscut STO are shown in

Fig. 3.3.
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Figure 3.2 — AFM images of STO substrates and corresponding profiles of (left) untreated STO (scale
bar: 200 nm) and (right) Ti@terminated STO (scale bar: 100 nm); both substrates have a misorienta-
tion of 1° towards the [010] direction.
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Figure 3.3 — AFM images of LCMO thin films and corresponding profiles of (left) 15 nm LCMO on
flat STO, L(15) (scale bar: 200 nm) and (right) 7 nm of LCMO on untreated STO with a misorientation
of 1°, L(7).m:s (scale bar: 110 nm).
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All films show clear unit-cell high step edges. The films grown on flat STO show an
average terrace length of 75 nm and the films grown on misoriented STO show an
average terrace length of 20 nm, identical to the terrace length of the substrate.

The thickness of the LCMO films was determined by x-ray reflectivity (XRR)
measurements, from which we determine growth rate of the sputtering process. The
average growth rate of our LCMO thin films is 0.8 nm/min, which results in films
with roughness of the order of the dimensions of the unit cell. An example of an
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Figure 3.4 — Typical XRR measurement for thickness determination of a LCMO thin film. Theta is
the angle of incidence and the thickness is determined from the period of the oscillations.

XRR measurement to determine the film thickness is given in Fig. 3.4. The thickness
is calculated from the period of the oscillations, which in this case is 26tndn2
nm.

3.2.2 Reciprocal space mapping

For several films the lattice parameters were determined through RSM around cer-
tain reflection spots. The RSM experiments were performed at Twente University
by J. Boschker in the Inorganic Material Science group of Prof. Dr. D. Blank. The
measurements were done with a Bruker D8 discoverer, equipped with a monochro-
mator (\ = 1.5406 A) and a Vantec-1 array detector. We have scanned reciprocal
space around the reflection spot with indices (103) and the spots related by sym-
metry (013), {03) and (03). The scattered intensity vs. the scattering vector, for
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two different samples, is plotted in Fig. 3.5 (top: L(20); bottom: L(10)). The scans
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Figure 3.5 — The RSM-plots of two samples are shown for reflections (103) (a and e), (013) (d and f),
(103) (c and g) and (@) (d and h). Graphs a)-d): L(20), graphs e)-h): L(10). For each graph two peaks
are visible, the strong peak at the bottom (atA6" and 4.824 ') is caused by the STO substrate and
the weaker peak at the top (around 16" and 4.944~1) is caused by the LCMO film.

show two peaks; the peak at,Qpiane = 1.6 A~ and Qui—of—plane = 4.82A71
corresponds to the STO substrate. The other peak (around 1.énd 4.9441)

is caused by the LCMO film. The RSM-plots show that the films have an in-plane
parameter equal to that of the substrate £ 3.91 A), i.e. the films are epitaxial

and strained. The film peaks are well defined with a small spread in the in-plane
parameter. The spread for the out-of-plane parametgf)(is larger and increases
when film thickness is reduced. The valueaf; is determined from the relative
distance between the STO peak and LCMO peak positions and is plotted as func-
tion of film thickness in Fig. 3.6. The epitaxial coupling to the substrate leads to
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Figure 3.6 — Out-of-plane lattice parametetid,.), determined from the relative distance between
the STO and LCMO peak positions, plotted vs. film thicknés$Squares: films grown on flat STO;
triangle: film grown on 1 misoriented STO.

in-plane elongation and out-of-plane compression of the LCMO unit cell which indi-
cates that the film is fully strained. Furthermaig,; shows a thickness dependence,

the unit cell becomes more compressed when film thickness is reduced. Since the
electrical transport properties of the films are highly dependent on the lattice (Mn-O
bond lengths and angles), the observed changes in the lattice parameter may cause a
thickness dependence in the transport properties.

3.3 Microstructure and Mn valency

We have characterized the microstructure, the atomic composition, and the Mn-
valence state of LCMO thin films using the HR-TEM and EELS techniques. The
measurements presented in this section were all performed by M. Porcu at Delft Uni-
versity in the HREM group of Prof. Dr. H. Zandbergen. We will show results

of LCMO films grown on three different substrates, STO (flat), STQ (inter-
minated) and NGO. TEM specimens were prepared according to a standard cross-
section preparation method. Before insertion into the microscope, the specimens
were plasma-cleaned for 1 minute to prevent carbon contamination during the exper-
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iments. The analysis was performed with a FEI TITAN equipped with a spherical
aberration (@) corrector and a High Resolution Gatan Image Filter (HR-GIF) op-
erated at 300kV. EELS data were collected in scanning TEM (STEM) mode with

a probe size of about 0.2 - 0.5 nm. The spectra were acquired by probing the
same region only once to reduce the beam damage. The energy dispersion was 0.1
eV/channel for the Zero Loss Peak and 0.2 eV/channel for the Mn L-edge to obtain
more signal.

3.3.1 Microstructure

The perovskite crystal structure of the films is close to cubic with lattice parameter a
=0.39 nm, but due to small rotations of the oxygen octahedra it becomes orthorhom-
bic (space group: Pnma). We observed that throughout the films the bulk Pnma
structure is present with lattice parameters/@a.., 2a. andv/2a.. HR-TEM inves-
tigations on 3 specimens for each film confirmed that the films are epitaxial. Several
HR-TEM images are shown in Fig. 3.7. The images are manipulated (see caption)
to emphasize the presence of defects (i.e. misfit dislocations). For most filnis, the
axis was found to be parallel to the interface normal (with lengthi2 pseudocubic
notation). We did not observe any antiphase boundaries (shift in periodiditgxib

with a.) or any domain type disorder w.r.t. ttheaxis which is in line with previous
reports [2]. The disordered layer visible at the top surface of the thin film is glue used
during preparation of the sample. The HR-TEM image shown in Fig. 3.7a (sample
L(6)) is a typical image for films grown on a flat STO substrate. However, for one
sample L(10), shown in Fig. 3.7b, the film and also the substrate fringes are not very
clear. The white circle indicates a region were fringes are more visible. The lines in
the image clarify the apparent orientation of the crystal lattices of the film and the
substrate. As will be shown later this film has deviating properties compared to the
typical film on flat STO. Although this is not clear from Fig. 3.7b we surmise that
the film might have a deviating orientation w.r.t. the substrate lattice. We also ob-
serve that films grown on°Imisoriented STO (Fig. 3.7c) are epitaxial with no clear
influence of the step edges on the microstructure of the LCMO film. We also do not
observe any misfit dislocation at the film-substrate interface in any of the films which
are shown in Fig. 3.7.

3.3.2 Mn-oxidation state and elemental composition

We have used EELS to investigate the composition and the Mn-oxidation state across
the thickness of our thin films. In an EELS measurement the sample is exposed to
an electron beam with a well defined (small range of) kinetic energies. While the
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Figure 3.7 — HR-TEM micrographs of LCMO films on STO. a) L(6); b) L(10); c) L¢/). Scale

bars are indicated. To emphasize the presence of defects the images are blurred 10 pixels in the vertical
direction and 1 pixel in horizontal direction and compressed in the vertical direction. The lines in b) are
indicative of the orientation of the crystal lattice of the film and the substrate.

electrons go through the sample, inelastic interactions (i.e. atom core loss, inner
shell ionization) result in the loss of kinetic energy, which can be measured using an
electron spectrometer. An EELS spectrum consists of a Zero Loss peak (ZLP), and
subsequent peaks at lower energy corresponding to different losses due to interaction
with the sample. The obtained EELS data were corrected for specimen thickness [3]
(it influences the ratio between intensities of ZLP peak and the rest of the spectrum).
From the data it can be assumed that the elemental composition will not have any
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dependence on the specimen thickness (for more details on the EELS measurements,
see [4]). Since the only interest is to qualitatively monitor the changes across the
film, the cross section was taken as a constant. By acquiring the ZLP, Mn L-edge
and the La K-edge at 100 eV and calculating the ratio between the integrals, the
Mn-valence and the elemental concentration across the film thickness were obtained.
Manganese valence retrieval involves the acquisition of several Mn L-edge spectra
across the film from the interface towards the surface. An example of an EELS
spectrum is given in Fig. 3.8. Theland L3 peaks are indicated which correspond

to the energy loss due to the presence of‘Mand Mr**-ions respectively. Theds

Intensity (x 1000)

O—vafw ]
L L

3 2
T

620 630 640 650 660
Energy Loss, eV

Figure 3.8 — Example of a EELS spectrum with the Mn land Ls peaks indicated. Thesk ratio is
determined from the integrated intensities ratio.

ratio (Mn-valence) is determined from the integrated intensities rafibol. Ratios

of 2.1 and 2.7 correspond to Nth and Mr?™, respectively; the calculated valence

for Lag.7Ca 3MnQOg3 is 3.3+ for bulk specimens [5]. In Fig. 3.9 the calculated L

ratio is shown for several films grown on STO; three regions can be discerned. At the
film surface (interface with vacuum) the Mn-valence is reduced towards 3+. In the
bulk of the film, particularly visible in L(47), the 45 ratio indicates a Mn-valence
close to 3,3+, similar to the value for bulk LCMO. Close to the interface with the
STO substrate a reduction in Mn-valence is observed. With the probe placed on the
first layer the valence is equal to 3.2+ in both L(6) and L(47). The presence of this
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Figure 3.9 — The calculated kg ratio from the EELS spectra. a) Results on three samples: L(6) and
L(47) on flat STO and L(7).s on miscut STO. b) Results on L(10) (the results for L(6) are shown for
comparison). The drawn lines are guides to the eye. The dashed lines indicatg traues which
correspond to Mt and Mrt* respectively. The solid line indicates the substrate-film interface.

reduction is typical for our LCMO films grown on STO substrates, but the extent of
the reduction varies between 2 - 5 nm for different films. In Fig. 3.9a we also show the

L 3o ratio for a film grown on STO with a®lmisorientation, L(7),;s. The step edges

on the STO surface appear to have no significant influence on the Mn-oxidation state
near the substrate interface. Therefore, these properties are general features of LCMO
films grown by sputtering on STO substrates. However, in Fig. 3.9b we show that
sample L(10) did not show the reduced ratio at the substrate interface for which the
precise cause remains unclear. The deviating Mn-valence might be correlated with
cation segregation. Therefore, we also used EELS to map the elemental composition
across the films. As shown in Fig. 3.10a, the composition (for the most part) is
close to that of the sputtering target. The figure shows all elements of the films
as well as the T content. The apparent interdiffusion of*Tiinto the film is
caused by the limited resolution (determined by the beam size) of the measurement.
For sample L(47) (see Fig. 3.10b), we did observe La enrichment near the film-
substrate interface. However, since the results for all other samples did not show
such segregation, it is likely that the observed La-enrichment is not correlated with
the observed Mn-valence reduction.

Another question is whether the valence reduction at the interface is caused by
strain. We therefore investigated the Mn-valence profile and elemental composition
in LCMO films grown on NGO substrates. The results, plotted in Fig. 3.11, show
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Figure 3.10 — a) Typical elemental composition of sample L(10). b) La-concentration across sample
L(47). The graph is the average of three scans (each 15 nm apart) and the standard deviation is given
for each point.

that also for films grown on NGO substrates an increase of th& lm?** ratio
is observed at the substrate interface. Similar to films on STO there is no cation
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Figure 3.11 — a) The Ly, ratio across the L(3@)co. b) Elemental composition of the same sample.

segregation for the films on NGO substrates.



Section 3.3. Microstructure and Mn valency 33

3.3.3 Discussion

We find that LCMO grown on STO substrates is orthorhombic. The lattice parameters
show that all films are coherently strained, with the in-plane lattice parameter equal to
that of the substrate. Furthermore, we observe a thickness dependence for the out-of-
plane axis; it is more compressed when the film thickness becomes small. We have
also measured the Mn-valence and composition profiles across the film thickness.
In the bulk of the films the Mn-valence is 3.3+ as expected forgk&a) 33Mn0O;.
Therefore, we conclude that our films have correct oxygen stoichiometry (not defi-
cient). The films do show a reduced valence value at the interface with vacuum which
is probably caused by oxygen deficiency of the film surface (after growth the sample
is cooled in vacuum). As a result the RffMn** ratio needs to increase to compen-
sate for the overall less negative charge. The films also show a reduced Mn-valence
near the film-substrate interface (also observed S sMnO3/STO [6]) which is

not caused by oxygen deficiency. Since the film is grown at high temperature, diffu-
sion of Ti** into the film could occur. The presence of théTintroduces a higher
charge and as a result the MriMn** ratio has to increase to compensate. Charac-
terization of the elemental composition (see Fig. 3.10) and experiments reported by
others [7] show that interdiffusion does not occur beyond a few atomic planes. The
EELS analysis of the elemental composition show that in general the films have a
composition close to that of the sputtering target. It is likely that the deviating Mn-
valence is not associated with cation segregation. Since films grown on NGO show
similar Mn-valence profiles the reduction appears to depend on the epitaxial relation
between film and substrate. A question is whether the Mn-valence at the interface is
affected by the termination of the substrate. In the case of STO substrates the termi-
nation can be SrrO?~ or Ti*T0;~, both terminations are neutral. The manganite
growth can start with either a [(kaCay 3)O]""* layer (LaO has charge 1+ and CaO

is neutral) or a Mn@ layer which can have charge 1- or be neutral depending on
the Mn-valence state. We use substrates with mixed termination but it is not obvious
that the charge in the first layer will average out (locally one termination could be
dominant). A charge mismatch could arise (Madelung potential) across the LCMO-
STO interface. The reduction of the Mn-valence at the interface shows that growth
starts with the [(La7Cay.3)0]%"* layer and that the interface polarization leads to a
charge compensation layer with varying thickness (2 - 5 nm); the variation could be
caused by different TigJSrO termination ratios of the substrate surfaces. This also
explains the absence of Mn-valence deviations for films on (110) STO, as reported
by Estra@ et al [8]. The termination layer of (110) STO is eithet'SFi*+ 0%~ (total
charge: 4+) or & . The first layer of the film would be either EaMn3+0?*~ or
C&*Mn*+0?~, which both have a total charge of 4+, 05O The result is that
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LCMO (110) grown on STO (110) would not have a charge mismatch between film
and substrate and therefore does not show a Mn-valence reduction at the substrate in-
terface. The similar Mn-valence profiles in films on NGO substrates are explained in
the same way. We use NGO (100) (pseudocubic notation) which has eitfie©Rid

or Ga°’+O‘2*‘ termination layers. Again the termination is mixed but does not neces-
sarily lead to an average charge close to 0. The film, LCMO (001) will start the
growth with a layer with charge:(1-x) (x is the Ca-doping) as described above. The
resulting Madelung potential again leads to the observed Mn-valence profiles. The
only sample for which the Mn-valence reduction is absent (sample L(10)) possibly
shows a deviating film orientation w.r.t. the STO substrate. It is not a priori clear why
there is no charge mismatch for this sample since the STO would be neutral and the
first film layer should still have a charge. One could imagine that the growth started
with a CaMnQ layer for which the charge mismatch with the substrate would in-
deed be equal to 0. The resolution of the EELS measurement to determine elemental
composition would be insufficient to detect such a small Ca-segregation at the STO
interface. We were unable to further investigate this effect since the occurrence of
the compensation layer is a general feature of the LCMO thin films. Furthermore,
we have observed that the presence of unit-cell high steps on the STO surface do not
significantly influence the microstructure or the Mn-valence profile of the film.

3.4 Summary

The characterization of our LCMO thin films on STO/NGO substrates led to several
observations which we summarize here. All flms which are grown on STO substrates
are coherently strained. In addition we observe a thickness dependence of the out-
of-plane axis with decreasing film thickness. Important to note is the absence of
oxygen deficiency in the bulk of our thin films which we observed by monitoring Mn-
valence across the film thickness. However, we do observe a Mn-valence reduction
at the film-substrate interface which cannot be associated with cation segregation. It
appears to be a generic feature of our LCMO thin films grown on STO and NGO
substrates. The effect is most probably caused by the charge mismatch between the
substrate termination layer and the first layer of the film. We surmise that this effect
can be tuned by varying the orientation of the substrate. The question arises how this
compensation layer would affect the transport properties of the films. It is not a priori
clear whether this interface layer would still be ferromagnetic metallic. The transport
properties of these thin films are presented in the next chapter.
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3.5 Patterning thin films

In this thesis we present the magnetotransport properties of unpatterned LCMO thin
films as well as micron-sized structures. The fabrication process of the LCMO mi-
crobridges consists of two electron beam lithography steps. The first step involves
creating a resist mask (MaN-2405) for the microbridge with four small leads. The
sample is etched using Ar-ions which sputter away the film that is not covered by the
mask (beam current: 10 mA, beam voltage: 350 V). After cleaning, a LCMO micro-
bridge is left. However, special care has to be taken during the Ar-ion etch process
step. If this step is not timed exactly, it damages the substrate surface. This problem
and its solution is presented in section 3.7. The second e-beam step is necessary to
attach four macroscopic Au/MoGe [9] contacts to the LCMO structure. This is done
using a lift-off technique. First a bilayer of PMMA/MMA resist is spun on top of the
LCMO structure and the contact structure is written into this resist stack with the e-
beam. Since positive resist is used, all exposed resist is dissolved upon development
of the sample. An additional cleaning step with a low energy oxygen plasma can be
used to remove any residue left by the resist. The Au/MoGe bilayer can be sputtered
into the contact structure which is present in the resist mask. After sputtering the
resist is dissolved with acetone, which removes all resist and excess Au from around
the contact structure. An overview of this fabrication process is given in Fig. 3.12.
Films on NGO substrates can only be patterned using a single e-beam lithography

Ar-ions
E-beam Hi Hl LCMO microbridge

MaN 240 a \
LCMO | | ) - _
a) b) c)

AuMoGe
E-b
s T 111l
il
S% STO ? |
d) e) f)

Figure 3.12 — Overview of the microstructuring process of the LCMO thin films. a) A layer of MaN-
2405 resist is exposed by the electron beam. b) The excess LCMO around the resist mask is etched
away by Ar-ions. c) The microbridge after etching and cleaning. d) E-beam exposure of PMMA-MMA
resist bilayer to fabricate contact structure. e) After development the Au/MoGe is sputtered into the
contact structure. f) The LCMO microbridge after the removal of excess Au/Moge with the lift-off
technique.
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step. Patterning Au contacts onto a NGO substrate is impossible due to charging of
the substrate. This means that both the microbridges on NGO and the macroscopic
contacts consist of LCMO. An image of a typical structure is given in Fig. 3.13.

Figure 3.13 — Typical structure patterned in a LCMO thin film on a STO/NGO substrate.

3.6 Measuring thin films

We measured the transport properties of unstructured films as well as microbridges.
The electrical contacts are made of indium which are pressed onto the contact pads.
The samples are measured using a four probe configuration which should exclude
any contribution from the contact-film interfaces (see section 3.7). For every sample,
current-voltage (I-V) characteristics are measured in the temperature range 20 - 300
KinB =0T and B =5T. Furthermore, low field magnetoresistance is measured to
study the magnetic domain formation in these microbridges. Temperature and field
regulation were done in a PPMS (Physical Properties Measurement System) from
Quantum Design which has a temperature range of 2 - 400 K and a field range of
+/- 9 T. The I-V's are measured using external current sources and nanovoltmeters.
The current sources have a voltage limit of 105 V and the nanovoltmeter is used up
to a range of 10 V (internal resistansel0 (X2), in autoranging mode. Furthermore,
magnetic properties were measured using a MPMS (Magnetic Properties Measure-
ment System, Quantum Design) in a temperature range of 5 - 300 K and in a magnetic
field range of +/- 5 T.
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3.7 Conducting STO: problem and solution

Microbridge fabrication as described in section 3.5 enables us to measure current
effects intrinsic to LCMO down to (sub)micron scales. However, special care has to

be taken in the structuring process. The commonly used Ar-etching technique easily
damages the STO substrate, which results in a conducting surface layer after etching
[10]. Current leakage through this layer interferes with the transport measurements
and obscures any intrinsic current effects of the LCMO. We will show here that this

problem can be overcome by a brief oxygen plasma treatment. The resulting data also
allow a discussion of the possible effects caused by Joule heating in the microbridge.

3.7.1 The effect of Ar-ion etching on STO

The epitaxial LCMO films presented in this section have a typical thickness of 8
nm and were grown on (001) STO substrates. The substrate surface was treated to
have single termination of Ti§) and had a misorientation of towards [010]. The
presence of step edges on the substrate possibly leads to local variations in crystal-
lographic disorder which could lead to conductance anisotropy w.r.t. the step edges.
To investigate the influence of the misorientation on transport properties of LCMO
thin films, we fabricated microbridges with a width ofy8n and distance between

the voltage contacts of 1/m. The orientation of the bridges is perpendicular to the
step edges of the substrate. The films are etched with a calibrated etch rate of 0.31
nm/s. The films are overetched by 14 s, in order to be certain to remove all of the
film. 1-V characteristics were measured on the microbridges in the temperature range
of 10 K - 300 K using currents up to 0.6 mA, which corresponds to a current density
of J = 1.5x10° A/m2. A typical I-V curve, taken at 140 K, is shown in Fig. 3.14a.

It shows nonlinearity and a large asymmetry between opposite current directions, as
well as hysteresis at high current density. Similar curves could be observed at all
temperatures. Still, by simply averaging voltages at small positive and negative cur-
rents ¢ 0.1 pA; this was performed with the PPMS electronics) the "resistance’R
(Fig. 3.14b) shows a sharp phase transition accompanied by a resistance drop of three
orders of magnitude at;f; = 150 K. Apparently, the measurements at least partly
probe the bridge structure, but since this is a 4-point measurement (contact resis-
tances do not affect the measurement), the asymmetry indicates that not all current is
flowing between the voltage contacts. It is known that Ar-etching of STO causes the
formation of a conducting surface layer by the removal of oxygen [11]. To conclu-
sively show this in our system, we etched a 1.5 mm wide STO substrate for 30 sec.
After etching, 4 Au/MoGe contacts where sputtered on top (I = 2.6 mm between the
voltage contacts). Fig. 3.15 shows the temperature dependent sheet resistance R =
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Figure 3.14 —a)l-V curve at T = 140 K of an LCMO bridge on STO after 14 sec overetching (inset:
behavior near zero bias). b) Resistance measured as averaged volta@d atA (J = 2.5 16 A/m?)
vs. temperature of the same sample.

Rw/l obtained at | = 2Q:A. The dependence is metallic and the observed value for R
is very close to the number reported in ref. [11]. Important to note is that the absolute
value of R is in the range of (only) k- 10 k2, which makes it substantially smaller
than the peak value for R in Fig. 3.14b.

3.7.2 Conducting STO: solution

In order to restore the insulating properties of the substrate, post-annealing in an
oxygen environment would probably be possible, but this is often unwanted as a
process step; in our case, it might lead to strain relaxation and additional defects in the
film. Instead, after the Ar-etch we subjected the etched STO substrate to an oxygen
plasma for 2 min (RF power: 100 W pressure: 30 mTorr) to reinsert oxygen into the
surface layer. The I-V curves after the treatment already show a significant reduction
in conductivity of the substrate. In Fig. 3.16 we show an I-V curve at T = 140 K
after 30 sec Ar-etching as well as the I-V curve, measured at the same temperature,
after 2 min of oxygen plasma treatment. In this case an oxygen treatment of 4 min
was enough to restore the insulating properties of the STO substrate. Generally, the
procedure appears to work for small amounts of etching of the STO. Substrates which
were Ar-etched for more than 1 min did not show recovery anymore, even after 4 min
of plasma treatment (by which time the resist layer had been removed). We surmise
that oxygen loss can be recovered by the plasma, but that more structural damage
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Figure 3.15 — Sheet resistance vs. temperature of the 30 sec Ar-etched STO sample (1.5 x2.6 mm
obtained from I-V curves at | = 20A.

to the STO (amorphisation) renders this impossible. In Fig. 3.17 we show an |-V
curve and the R(T) plot for a microbridge which was overetched by 4 sec and then
plasma-treated. The result clearly shows that when the STO substrate is restored to
its insulating state, the microstructured LCMO thin film has linear and symmetric
I-V characteristics for current densities between 2.5 X a6d 1.5 x 1&° A/m?2.
Furthermore, instead of reversing the damage to the substrate after patterning the
film one can also prevent the damage from occurring. This can be done by slightly
underetching the LCMO thin film and by subsequently using an oxygen + argon
plasma to remove the last 1 nm of film. The etch rate for a 2% Ar and 5% O
plasma (RF power: 125 W, pressure: 20 mTorr) is about 1 nm/min.

3.7.3 Contact resistance and Joule heating

With the help of the process steps described above we can fabricate microbridges
(Fig. 3.13) in LCMO thin films and measure current effects intrinsic to LCMO. The
presence of phase separation in our films could introduce nonlinear effects in the I-V
curves around the transition. However, nonlinearities can also be caused by contact
resistance and Joule heating.
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Figure 3.16 — a) |-V curve of 30 sec Ar-etched STO (1.5 x 2.6 Mt T = 140 K before and b) after
2 min of oxygen plasma treatment. The high resistance between the current contacts leads to saturation
of the current source.
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Figure 3.17 —a) I-V curve at T = 140 K of an LCMO bridge on STO after 4 sec overetching and
oxygen plasma treatment. The thin lines indicate the voltage limit for the measurement; b) R-T plot at
magnetic field B =0 T and 5T of the same sample.

Contact resistance

To observe possible effects of the contacts, we also measured the oxygen-treated sam-
ple (Fig. 3.17) in a two-probe configuration, with current injected through the voltage
pads. The results are shown in Fig. 3.18 where we compare the |-V curves for two
and four-point measurements taken at 10 K. The four-point measurement shows a lin-
ear and symmetric I-V curve, as expected. The two-point resistance is significantly
larger (around a factor of 5 after correction for the extra lead resistance in the contact
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pads). This can be attributed to a large contact resistance. Another feature is the non-
linearity of the I-V curve, with the corresponding peak in the derivative dVv/dl (see
inset) clearly visible and most probably caused by the presence of a barrier at the
contact-film interface. The interface is a known complication in two-point geome-
tries; nonlinear and asymmetric I-V characteristics were demonstrated in rectifying
Ti/Pry 7Cay.3sMnO3 contacts [12], in a p-n heterostructure involving k&a, sMnO3

and Nb-doped STO [13], and in Ag-b.aCa 3sMnO3 heterostructures [14].
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Figure 3.18 — I-V curves of an LCMO bridge on STO at T = 10 K (a) in 4-point configuration and (b)
in 2-point configuration . Insets show derivatives dV/dl.

Joule heating

In the two-point measurements in the metallic state we also found a different type
of nonlinear behavior in the |-V characteristics at larger currents which we ascribe to
Joule heating. A measurement at 50 K is shown in Fig. 3.19 where the voltage-driven
system suddenly switches to a lower current (higher resistance). It is not straightfor-
ward to make an estimate of the effect. The measured resistance is dominated by the
contacts, but the area of the contacts is much larger than the bridge so that it is not a
priori clear in which part of the structure the heating occurs. If we still assume it is
the bridge, we can estimate the temperature incréasérom a current | using the
following equation taken from [15],

AT(T,1) = (212p(T) + AT)) /(Sksup(THAT)) (3.1)

with p(T) the specific resistance of the bridge at temperature T, with cross section
S, andx the thermal conductance of the substrate. Takifig in the metallic state
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Figure 3.19 — (a)l-V curve of an LCMO bridge on STO at T = 50 K measured in 2-point configuration.
(b) Calculation of the expected Joule heating represented as temperature idcfaasapplied current
I

independent of temperature and using the value260 12 cm found in the four-

point measurement at T = 50 K, and with=16 WK~ m~! [16], we find AT ~

30 K at 2 mA (Fig. 3.19b). The model is quite crude, but the result at least indi-
cates that heating effects cannot be neglected in our bridges at these high currents
(corresponding to a current densitysf10'® A/m?). If the heating is severe enough

the effective temperature could increase to above the metal-insulator transition. The
corresponding |-V should show at first a gradual increase of the resistance (decrease
of current as function of applied voltage). This should be followed by a gradual
decrease of resistance once the bridge has warmed into the paramagnetic insulating
state. However, we observe a constant resistance value up to an applied bias of 25
V after which the resistance slowly increases before it sharply rises (current drops)
to a much higher value. The mechanism leading to the switching behavior is not yet
understood, however, and needs further investigation.
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Chapter 4

Strain effects in (La,Ca)Mn&xhin
films

4.1 Introduction

The physics of doped manganites (explained in Chapter 2) is mainly determined by
two competing factors: trapping of the electrons in Jahn-Teller (JT) distortions (po-
larons) and the itinerancy of the electrons in the Double-Exchange mechanism [1]
when spins become polarized. This competition and therefore the properties of the
material Lg_,Ca.MnQO;s strongly depend on the amount of Ca-doping. In the doping
range of 0.2x<0.5 a combined paramagnetic insulator to ferromagnetic metal (PI-
FM) transition takes place at temperaturg T Direct comparison between systems
with different alkaline ion doping results in a clear correlation between the position
of Ty and the tolerance factor (discussed in Chapter 2) [2, 3]. For example, the ma-
terial Lay 67Srp.33Mn0O3 (LSMO) has larger bandwidth (itinerancy) and higher tran-
sition temperatures compared to the smaller bandwidth system,Cay 33MnO3
(LCMO). This correlation results in tunability of the material properties upon appli-
cation of pressure [4] or epitaxial strain. For instance, the application of strain am-
plifies the JT distortions and makes them more static in nature. This has an inhibiting
effect on band formation, which leads to reduction @f;T[5, 6] in manganite thin
films.

Before we go to LCMO microbridges we investigate the effect of strain on the
magnetotransport properties of as-grown unstructured LCMO thin films. The ques-
tion is whether the thin films still show the basic properties of bulk LCMO. Especially
for ultra thin films the properties of the film-substrate interface layer may lead to devi-
ating properties for the film. We compare LCMO films grown on flat SET{STO)
(tensile strain) and NdGaQINGO) (lattice matched) substrates. Furthermore, we
use substrates with a misorientation &ftbwards the [010] direction to introduce
unit-cell high step edges onto the STO substrate surface which should induce addi-
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tional disorder in the thin films. This provides new insights on the influence of strain
and disorder on the properties of manganite thin films.

4.2 Transport properties and magnetization measurements

In this section we present the transport properties of as-grown unpatterned LCMO
films on flat STO, ® misoriented STO and NGO substrates as function of film thick-
ness. We also investigate whether the Curie temperature coincides with the metal-
insulator transition for our thin films. Furthermore, the deviations in Mn-valence near
the LCMO-substrate interface (see Chapter 3) are expected to influence the transport
and the magnetic properties, especially when the film thickness becomes small.

The magnetotransport properties of the as grown, unpatterned films as function of
temperature are measured in both 0 T and 5 T applied magnetic fields. During mea-
surements the contacts are arranged in a four point measurement geometry (distance
between the voltage contacts4s1 mm), to exclude influence of the contact-film
interface resistance. We have measured current-voltage (I-V) characteristics for the
temperature range 26> 300 K from which we determined the film resistance. The
temperature and magnetic field regulation were done in a PPMS (Physical Properties
Measurement System, Quantum Design) but external current sources and nanovolt-
meters were used to perform the transport measurements. Here we remind the reader
of the sample nomenclature which we introduced in Chapter @), IL(d),,;s and
L(d)vgo, with d the film thickness.

4.2.1 T,; dependence on thickness
Films on flat STO

We have measured the |-V characteristics in a temperature range of 20 - 300 K for
films with varying thicknesses between 6 - 20 nm. In Fig. 4.1 we show the tempera-
ture dependent resistance R(T), as determined from the I-V characteristics, for three
LCMO films grown on flat STO. The resistance values are determined at an applied
current | of 0.1uA. Here we note that the |-V curves show weak nonlinear behavior
around the transition but they are linear for most temperatures. The films show a
clear metal-insulator transition accompanied by a resistance drop of three orders of
magnitude (note the logarithmic scale). All films also show typical CMR effect, a
reduction in resistance of a few orders of magnitude upon application of a 5 T mag-
netic field. Sample L(20) shows the typical R(T) behavior for a fully strained LCMO
film. The transition temperatureyf7, which corresponds to the maximum resistance
value, is 170 K, which occurs approximately 100 K below Tfor bulk LCMO.
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Figure 4.1 — (Left) resistance vs. temperature behavior of samples L(20) (top panel), L(15) (center
panel) and L(6) (bottom panel). Determined form the I-V curves at an applied current pfA0.1
Squares: zero field; circles: B =5 T. (Right) log R vs. T in the temperature range 150 - 300 K for the
same samples. Note: the scale on the T-axis is reciprocal in order to it to 1/T-behavior. The fit to extract
the activation energy () of the polaron hopping process is also shown (solid lines).

Furthermore, we observe thaj,F is reduced when the film becomes very thin; for
example film L(6) shows the transition af;F = 110 K, which is 60 K below T,

for L(20). The thickness dependence of;Tis shown in Fig. 4.2. For films grown

on flat STO the metal-insulator transition is steadily shifted to lower temperature as
the film thickness is reduced. We did not observe transition temperatures below 100
K. However, we found that one film (L(10), indicated ¥yn Fig. 4.2) grown on flat

STO deviated from this trend. In the previous chapter, see Fig. 3.7¢, we surmised that
L(10) may have a deviating epitaxial relation with the substrate. There is a connected
observation in the magnetization measurements, which is discussed in section 4.2.2.

In the paramagnetic state, R(T) is expected to show activated behavior. Therefore,
in Fig. 4.1, we also plot log R vs."T'. A linear fit to the data provides the activation
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Figure 4.2 — The dependence ofpf; on film thickness for LCMO films grown on flat (squares +
star) and 1 misoriented STO (triangles). The star designates sample L(10). Drawn and dashed lines
are guides to the eye.

energy (&) for the polaron hopping process. For most films the high temperature
data show activated behavior withy = 110 - 120 meV (see Table 4.1), independent
of the film thickness. Deviations typically set in around 1.3xT(for example see
sample L(15) center panel Fig. 4.1). In this respect at least, the thin films do not
behave different from bulk material. However, in Chapter 3 we found that all films
on STO are coherently strained and that the out-of-plane lattice paramgté€Fig.

3.6) shows a similar thickness dependence gs With the exception of L(10) and
films on misoriented STO.

Films on 1° misoriented STO

A novel feature of our studies is the investigation of the effect of unit-cell high step
edges on the STO substrate surface on the thin film properties. For these films the
transport properties were measured in a four-point geometry with the current directed
perpendicular to the step edges (see inset Fig. 4.3). Their thickness was determined
from HR-TEM (high resolution transmission electron microscopy) micrographs and
is 7 and 8 nm (L(7),;s and L(8),.is). The R(T) for L(7),;s was measured at | = 0.1
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#A and is shown in Fig. 4.3, R(T) of sample L(6) is shown for comparison. The
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Figure 4.3 — Resistance vs. temperature behavior of sample L(6) (also shown in Fig. 4.1) and of
L(7)m.s- For the films on misoriented STO the transport properties were measured with the current
directed perpendicular to the step edges (see inset for measurement geometry). The resistance values
were determined form the I-V curves at an applied current of@A1The squares denote zero field;

circles: B=5T.

observed T, for the films on 2 STO is 145 K, so J;; is much less reduced than

for films on flat STO (see Fig. 4.2, triangles). However, from the HR-TEM and RSM
(reciprocal space mapping) characterization (see Chapter 3) it is clear that the films
on misoriented STO are fully epitaxial across the entire film thickness. The lack of
reduction in Tz for films on misoriented STO is step-induced but not due to the loss

of epitaxial relation with the substrate. It has been shown before that strain relaxation
in these materials may occur in the form of dislocations in the film [7]. From HR-
TEM we did not observe any dislocations in our thin films, however, point defects
should still be present and the amount is possibly enhanced by the presence of the
steps.
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Films on NGO

We also investigated the transport properties of films on NGO (100) substrates (cubic
notation) [8], with in plane lattice parameters of a = 3.8648nd ¢ = 3.87A. In this

case the film and substrate are almost lattice matched (mismatch:%pat6l there-

fore the film can be considered strain-free. In Fig. 4.4 we compare the R(T) behavior
of two LCMO films on NGO substrates with thicknesses 10 nm (L{1@Q)) and 30

nm (L(30)vgo). In both films the resistance decrease at the transition is around one

é) L(30)NGIO | ,.;__ 10. b)‘ L(10)NG; | |
»B=0T . « B=0OT -'ﬁ}
: DB=5T : &
g o / g 1 ﬁ
2 2
h'd .'_l.r o -
s
0.01] o™ ;o B
0 100 200 300 0 100 200 300
T (K) T (K)

Figure 4.4 — a) Resistance behavior of L(30}:0. b) Resistance behavior of L(10%0, which was
measured in both B=0 T and B =5 T magnetic fields. The measurement was done in a four point
configuration at an applied current | = QuA .

order of magnitude. It drops an additional order of magnitude upon cooling to low
temperatures. For L(18y0 R(T) was also measured in 5 T magnetic field, which
shows that the transition is accompanied by the well known CMR-effect. The transi-
tion temperature of L(3Q)¢o is equal to T,y of bulk LCMO. However, L(10)co

shows that films on NGO substrates also show a strong dependengg @mrfilm
thickness. This corresponds to the previously observed thickness dependence re-
ported in ref. [9]. The observed reduction could be caused by the very small amount
of strain that is imposed on the thin films.

4.2.2 Magnetic properties

In this paragraph we present the magnetization M of the as-grown films on flat and
misoriented STO substrates. We have not measured the magnetic properties of the
films on NGO because the substrate gives a large paramagnetic background due to the
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presence of the magnetic Rickion. Typical M vs. T behavior measured in magnetic
fields of B=1 T and B = 0.1 T is shown in Fig. 4.5. The Curie temperature was
determined from M vs. T, measured in zero magnetic field and at B = 0.1 T, by
taking the intercept of the constant high temperature magnetization with the linearly
increasing M(T). When the film thickness is reduced, we observe that Rlso

3 & | L(1I7) a); 12]
c " B=1T
S22, o— B=0.1TH 1.0
Sy 0
“ = 0.8
S 14 S
0.6+
0, — i
Il I [ 0.4/ L(6) J
0 100 200 300 0 25 50 75 100 125
T (K) T (K)

Figure 4.5 —a) M vs. T behavior for L(17). The magnetization was measured in B = 1 T (closed
squares), B=0.1 T (open squares) and B =0T (line). b) M vs. T behavior for L(6) normalized to the
intercept of Bloch’s law (solid line) and the linearly increasing low T upturn. The fitds WS+ T3,

shifted to lower temperature as shown in Fig. 4.6. The magnetic transition coincides
with the metal-insulator transition also when the film thickness is reduced. However,
when T is extracted from the measurements in B = 0.1 T the Curie temperature
is enhanced for all thicknesses. Probably when measured in even higher fields (for
example, B = 0.3 T as in [5]) & would be independent of film thickness. For the
measurement in B = 1 T we assume that the magnetization is saturated. From the
M(T) behavior (see Fig. 4.5a) three regions can be differentiated. Region |. above
the To the sample is in the paramagnetic state. Region Il: between 30 K anlder
sample is in the ferromagnetic state. In region I, below T = 30 K, the magnetization
shows a sudden increase. The relative strength of the upturn in M(T) increases as the
film thickness is reduced but the temperature at which the upturn starts is constant.
Furthermore, the upturn is absent in B = 0.1 T measurements. This upturn is not an
intrinsic feature of the LCMO thin films. From Fig. 4.7 it becomes clear that the M
vs. T of a bare STO substrate also shows an upturn below T = 30 K. Apparently, at
low T a paramagnetic contributiory (= C/T, with C the Curie constant) dominates

but disappears into the diamagnetic background above T = 30 K. We surmise that the
emergent paramagnetism is due to the presence of impurities. Fig. 4.5b shows the M
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Figure 4.6 — The Curie temperature as function of film thickness. Determined fromMvs TatB =0
T (circles) and B = 0.1 T (squares). The triangles shawfdr two films grown on  STO and the star
shows T for sample L(10). The drawn and dashed lines are guides to the eye.

vs. T behavior for sample L(6) in the ferromagnetic state measured in B =1 T. For
isotropic ferromagnetic materials demagnetization at low temperatures is caused by
the excitation of ferromagnetic spin waves. We have fitted the M vs. T curve with,

M(T) = My % (1 — ByT%? — By;T%/?) (4.1)

with B; = 170x10°% K—3/2 and B, = 1.8x10°% K—5/2 which corresponds to the ex-
pected Bloch dependence. The value for M in Fig. 4.5 is normalized tot the intercept
of the fit and the linearly increasing low T upturn.

We have also investigated the field dependent magnetization at T = 10 K (Fig.
4.8). From these results we can extract coercive field and the value for the saturation
magnetization (M) as function of film thickness. The coercive field varies between
+/-6 and +/- 15 mT for the different samples. The magnetization is given in units
of up per Mn-ion and can be described, at high fields, as M #HWH (see inset
Fig. 4.8). The plotted data in the main graph is corrected for the diamagnetic and
paramagnetic contribution of the STO substrate by subtragtihdetermined at high
fields. The values for Mare determined after correction by taking the value for M at
B = 1 T. Typical saturation magnetization for bulk LCMO would be around;3;7
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Figure 4.7 — M vs. T behavior for a bare STO substrate measured inB =1T.

per Mn-ion. For our films we observe slightly fluctuating values far it always
low compared to the expected bulk value (see Fig. 4.8). The lower values indicate
that a magnetically dead or weak layer is generally present in our LCMO thin films.

4.2.3 Discussion

The main results which are presented in Chapters 3 and 4 are summarized in Table
4.1. We will use these results to form a general picture on strain effects in LCMO
thin films. The characterization presented in Chapter 3 led to a few observations,
summarized here. First, all films on STO are fully strained (the lattice parameters
a;n anday,; are indicated in Table 4.1). Second, the films have the correct oxygen
stoichiometry. Third, a reduction in Mn-valence occurs at the LCMO/substrate in-
terface over a thickness of 2 to 5 nm for the various films. Here we will correlate
these sample characteristics with the observations from the transport and magnetic
properties of the films.

The values for J;; and T are indicated in the table. Their values coincide quite
well, T is generally (for films on flat STO) slightly higher. For all thicknesses the
metal-insulator transition is strongly coupled to the onset of ferromagnetic ordering.
Since our films are not oxygen deficient [10] we conclude that strain amplifies the JT
distortions, which results in a reduced bandwidth for decreasing film thickness. All
films (apart from L(10)) show a low value for the saturation magnetization compared
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Figure 4.8 — The demagnetization curves for four different LCMO films on flat STO. The curves were
measured between +/- 5 T and at T = 10 K. The value for the saturation magnetizatierindicated.

The plotted data is corrected for the diamagnetic + paramagnetic background of the substrate. Inset:
uncorrected data for L(20).

to the expected value (3u/z/Mn-ion) for bulk LCMO (see Table 4.1). This indicates
the presence of a 'dead layer’ [11, 12]. We find that L(10) did not show the reduction
in valence and has a magnetic moment close to the expected bulk value. This result
shows that the interface layer with reduced Mn-valence, which is generally present
in our LCMO thin films, is magnetically dead or weak. Apparently, the dead layer
reduces the effective thickness of the film which also explains the relatively high
value for Ty;; in L(10). Here we note that also sample L(6) shows a relatively high
value for My when determined at B = 1 T. It is possible that at this high field the
dead layer might become polarized, which results in a higher value for saturation
magnetization.

The films which were grown on misoriented STO also show less reductiogyin T
than expected for their absolute film thickness. Here, the presence of the step edges
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Table 4.1 — Summary of the measured values for the thin films presented in this chapter. Samples
L(20)-L(6) are grown on flat STO, L(8);s and L(7),.:s are grown on 1 misoriented STO and samples
L(30)nco and L(10lyo are grown on NGO substrates. The measured variabled:di thickness

(hm), a: in-plane lattice parameterd), b: out-of-plane lattice parameter), Tas;: metal insulator
transition (K), To: Curie temperature (K), E activation energy of polaron hopping (meV),;Msat-
uration magnetization at T = 10 K determined at B = 1,/(Mn) and the corresponding thickness of

the dead layer (nm).

Sample d a b Tur | To Ea M dead layer|
nm | (4) | (4) | K) | (K) | (meV)| (us/Mn) (nm)
L(20) 20 | 3.90| 3.8113| 170 | 160| 109 2.28 7.6
L(17) 17 | 3.91| 3.8135| 150 | 148 | 114 2.89 3.7
L(15) 15 | 3.90| 3.8097| 130 | 150| 115 1.96 7.0
L(10) 10.3| 3.90| 3.796 | 150 | 170| 114 3.50 0.5
L(6) 6.4 | 3.91| 3.7979| 110 | 100| 115 3.30 0.7
L(8)mis 8 - - 145 | 135| 119 2.41 2.8
L(7)mis 7 |390| 3.7911| 145 | 131 | 116 2.22 2.8
L(30)yco | 30 - - 285 | - - - -
L(10)yco | 10 - - 220 | - - - -

could lead to disorder (in the form of local defects [7]). Kumar et al. [13] use the
Holstein-Double Exchange model to show how disorder enhancement of the polaron
tendency in manganites leads to increased resistivity and reductiogy of Fow-

ever, in our case the disorder leads to an enhancement of the one electron bandwidth
(Tasrz)- In Chapter 5 we will correlate this observation with microbridge resistivities.
Furthermore, an observation which was not mentioned till now is the presence of a
large magnetoresistance effect at low temperatures for some samples. This effect is
also dependent on film thickness but the microbridges in Chapter 5 show similar and
larger MR effects, therefore we postpone the discussion to Chapter 5.

One observation which was not discussed up to now is the deviation from acti-
vated behavior above,f;. We saw in Fig. 4.1b that some samples deviate from
activated behavior already at 1.3%F. It might be thought that variable range hop-
ping (VRH) [14] is at play, but the typical‘l‘i-dependence expected at intermediate
temperatures [15] is not found [16]. It seems probable that the emergent magnetism
in this temperature range obscures the VRH mechanism.
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4.3 Low field magnetoresistance

4.3.1 Introduction

In the previous sections we have seen that the LCMO thin films exhibit colossal mag-
netoresistance behavior around the transition in high magnetic fields. However, in the
low magnetic field regime a different type of magnetoresistance (MR) effect occurs,
for instance caused by the presence of grain boundaries [17—-20] or the Anisotropic
Magnetoresistance (AMR) effect. In this section we describe the resistance depen-
dence of manganite thin films on applied magnetic fields. The AMR effect depends
on the distribution of magnetic domains, since the resistance of a domain with M
parallel to the applied current | is different from the resistance of a domain with M
perpendicular to I. In many materials (mainly magnetic transition metals) the AMR
effect is observed to vary as

Ap(H) = %(00520 — 1) 4.2)
an an 3

with Ap = p| - p1 the difference between resistivity of domains parallel and per-
pendicular to the applied currert,the angle between M and current | apg, the
appropriate average for the longitudinal and transverse resistivities. Here we will
present low field-MR results on unpatterned LCMO thin films grown on STO sub-
trates and we discuss the mechanism behind the AMR effect in manganites. The
mechanism turns out to be different from that in transition metals.

4.3.2 Filmsonflat STO

We start with unpatterned as-grown thin LCMO films on flat STO substrates. The
resistance is measured in a four point configuration to exclude any effects caused
by contact resistances. We apply a field in the plane of the film, which is scanned
betweerd- 500 mT, at which we assume the sample to be saturated (single domain).
We investigated the temperature regime T = 50 - 200 K for both field directions
H | I'and H_L I. At low field, we expect hysteresis since LCMO has a preferred
direction of magnetization (easy axis lies along the (110) direction of the STO) which
should induce anisotropy (magnetocrystalline anisotropy). Fig. 4.9 shows the field
dependent resistance behavior of a sample L(20) far H(left) and H || | (right).

The behavior is shown at several temperatures between 50 - 150 K. At high fields
the resistance increases linearly with decreasing magnetic field as expected from the
CMR effect. Upon decreasing the field two types of behavior are observed depending
on the direction of the applied field w.r.t. the current. Fof{ Hthe resistance can
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Figure 4.9 — The resistance behavior sample L(20) as function of low magnetic field for T: 50 - 150
K. Left: H L I. Right: H|| I . Measured at | = 0.5A.

start to vary superlinearly (right panel) when zero field is approached, after which
it peaks at the switching field, -k}, followed by a drop in resistance. For H |

the resistance varies sublinearly with field well before zero field is reached. It then
shows a dip before it increases again and drops at.-H-or both directions the
linear resistance behavior is recovered in negative fields and upon scanning the field
in the opposite direction similar behavior is observed with switching at,+Hhe
anisotropy w.r.t. field direction is only observed in the temperature range between
130 K and 100 K (below the transition, see Fig. 4.1). For both field directions it is
difficult to observe any hysteresis effects at low temperatures.

The sublinear behavior as in Fig. 4.9 is not observed for the thinner films. For
instance, Fig. 4.10 shows the switching behavior for L(10), which appears to be
independent of field direction . The field at which switching occurs decreases mono-
tonically with increasing temperature. Switching is observed to slightly above the
measured transition temperature. Furthermore, at very small thicknesses yyhen T
is significantly reduced switching is only observed in a small temperature range just
below the transition.
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Figure 4.10 — The resistance behavior of sample L(10) as function of low magnetic figld €150
K). Left: H L. Right: H||. Measured at | = 0.xA. The curves for T = 180 K are smoothed by using
adjacent averaging.

4.3.3 Films on 2 misoriented STO

We have also studied the switching behavior for films which were growrf enig-
oriented STO (see Fig. 4.11). The measurements were done in the same configuration
as the films on flat STO with current directed perpendicular to the step edges of the
substrate. The behavior for both field directions is similar (i.e. no anisotropy) and
the switching field value is decreased with increasing temperature. The hysteretic
behavior in low magnetic fields persists up~d.4x T,;. It is not clear whether

the switching above j;; is induced by the presence of the step edges on the STO
surface, because, it was also observed for one sample grown on flat STO (not shown).
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Figure 4.11 — The resistance behavior of sample L{7) as function of low magnetic field, current is
applied perpendicular w.r.t. the step edges. Leftt H Right: H|| I. Measured at | = 0.A.

4.3.4 Discussion

In 3d transition metals such as Ni (and Ni-alloys), a strong ferromagnetic material,
the AMR behavior can be described by combining the two current model [21] with
spin-orbit coupling (SOI) [22, 23]. The current is carried by two parallel channels,
the majority and the minority electrons and the resistivity in each channel is deter-
mined by s-s and s-d scattering. When the SOI mechanism is inactivé thend is

full (no holes present), therefore s-d scattering is negligible. However, when the SOI
is turned on d—d| scattering takes place creating) doles and opening channels

for s-d scattering. This introduces scattering dfedectrons into both t(no spin

flip) and d| (spin flip) states. These scattering events increase the total resistivity
of the majority band because s-electrons become more localized. A requirement for
scattering to take place is that the momentuwf the s-electron lies in the plane of

the classical orbit of the empty d-state. Furthermore, the angular momeftthe

3d? holes and occupied states are not generally parallel which induces a magnetic
moment. This magnetization results in the states having orbitals perpendicular to the
direction of magnetization to be filled first. Left are the holes with M parallel to the
orbitals. Anisotropy is how created because only when the magnetization is parallel
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to the current (M) can s-electrons scatter into these empty d-states. Therefore, the
resistivity in the case Ml is generally larger than for Ml (p; > p.). Manganites
behave quite differently from transition metals when low magnetic fields are applied.
The two important ingredients are AMR (R is dependent on the ahgktween M

and 1) and magnetocrystalline anisotropy (MCA) which in the case of manganites is
biaxial. In ref. [24] it is explained that the low field MR effect cannot be described
with a single domain model with domain wall motion. The single domain model can
describe the linear behavior at high fields very well, but the behavior would remain
linear until H,,, where it would always show a drop in resistance. To describe a
linear dependence at high field with deviations from linearity upon approaching zero
field, a multidomain model has to be used, in which transverse domains ()
nucleate and grow. The occurrence of these transverse domains is a direct result of
the presence of biaxial MCA. The total resistance of the material depends on the frac-
tion of parallel, antiparallel and transverse domains which are present in the sample.
Magnetization directions in between these three domain states are forbidden. The

IHI >> Ho | IHI < Ho | IHI >> Ha |
M
m M| i M| M|
a 0b0 C

Figure 4.12 — Domain state of a sample with biaxial MCA. a) and c) At fields much larger than H

the sample is in a single domain state. b) When the field is decreased towards zero a multi domain
state starts to form in which the fraction of transverse domains is determined by H. The deviation from

linearity occurs due to the nucleation and growth of the transverse domains. Figure is taken from ref.
[24].

superlinear behavior in the|Hconfiguration is caused by the formation of domains
with M L H, M L | domains have higher resistivity (due to AMR) compared to the the

M || I domains. In the same way the sublinear behavior occurs in the Ebnfigura-

tion, however, now the nascent transverse domains have magnetization parallel to the
applied current and therefore lower resistivity. The subsequent resistance jump/drop
occurs when the magnetization aligns once more along the field direction (see Fig.
4.12). Whether the H_ | configuration shows a jump or drop atidepends on the
abundance of transverse, parallel and antiparallel domains at the onset of the rever-
sal. When the sample has a large fraction of transverse (antiparallel) domains a rise
(drop) in resistivity occurs because the final state has higher (lower) resistivity com-
pared to the initial state. This explains the observed behavior of sample L(20) quite
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well. However, we also found that the HIl behavior can be very similar to HI for
thinner films or films grown on miscut STO. Clearly, the resistivity behavior depends
on the domain configuration of the sample, as was already shown by Wu et al. [25]
through correlation of resistivity and Magnetic Force Microscopy (MFM) measure-
ments. Therefore, we may imagine that for films with very small thicknegses20

nm) and for films on misoriented STO the MCA could be uniaxial instead of biaxial.
This is supported by ref. [26] in which photoelectron emission microscopy is used to
show that magnetic domains are elongated along the step direction for (La,S5)MnO
films grown on misoriented (0.2 STO, and by ref. [27] in which step-induced uni-
axial MCA is reported in LggrSiy.33Mn0Og3 thin films (0.1 - 0.3* STO). For smaller
miscut angles competition between biaxial and uniaxial MCA is observed (in ref.
[26]). In our case, with a miscut o Wwe imagine that the presence of unit-cell high
steps on the STO surface favors uniaxial MCA especially for small film thicknesses.

4.4 Conclusion

In this chapter we have observed that the metal-insulator transition for LCMO thin
films indeed coincides with the onset of ferromagnetic ordering just as in the bulk
material. The substrate imposed strain inhibits band formation which leads to a re-
duction in T, for decreasing film thickness. The introduction of step edges onto
the STO surface leads to additional disorder, in the form of local defects. We observe
that the steps (c.q. the defects) probably enhance the bandwidth which results in a
T a7 which is less reduced than expected from the thickness. Furthermore, magneti-
zation measurements, combined with the characterization in Chapter 3, show that the
observed reduction in Mn-valence at the film-substrate interface results in a magnet-
ically dead or weak layer. The low field MR measurements show that the presence
of the step edges (and the reduction of film thickness:(20 nm) for films on flat

STO) leads to uniaxial Magnetocrystalline Anisotropy.
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Chapter 5

Mesoscopic transport in
(La,Ca)MnQ thin films

5.1 Introduction

In the previous chapter, transport properties qf & a 33MnO3 (LCMO) thin films

were studied as function of film thickness. We investigated the influence of strain on
film properties, which led to several observations. All films exhibit a coupled ferro-
magnetic metal to paramagnetic insulator transition at transition temperafure T
The application of strain results in a strong reduction gf;Tcompared to the bulk
value (Tys; ~ 250 K). A striking result is that films with the same thickness show
higher values for T;; when grown on 1 misoriented SrTi@ (STO) than on flat STO.

We attributed this effect to a higher amount of point defects in films on misoriented
STO.

In this chapter we present the transport properties of microbridges which were
patterned into the LCMO thin films presented in Chapter 4. We measure the transport
properties of microbridges on flat STO;, tisoriented STO and NdGaGNGO).
Furthermore, the microbridges allow the investigation of LCMO thin film properties
down to microscopic length scales. The susceptibility of the M-I transition to chemi-
cal and crystallographic disorder (doping disorder, oxygen nonstoichiometry, defects
from strain relaxation, twinning, and grain boundaries) can lead to the coexistence of
the metallic and insulating phases at a variety of length scales. The presence of this
inhomogeneous state, in which conduction is percolative in nature, should be observ-
able in e.g. the current-voltage (I-V) characteristics when these length scales match
the physical size of the system. Here we note that the previously defined (Chapter 3)
sample nomenclature will also be used in this chapter, to indicate in which film the
microbridge was fabricated.
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66 Chapter 5. Mesoscopic transport in (La,Ca)Mntin films

5.2 LCMO microbridges on flat STO

Here we present the transport measurements on LCMO microbridges grown on flat
STO substrates with misorientatien 0.2° in random directions and mixed termi-
nation. The microbridges were fabricated using the e-beam lithography - the Ar-
etching - oxygen plasma treatment process as described in Chapter 3 and in ref. [1].
The microbridge thickness varies between 6 and 20 nm and the widtluns for

all microbridges (typical length 30m). The resistance is measured in a four point
configuration to exclude any effects caused by contact resistances. For all measure-
ments, current sources and nanovoltmeters were used to measure the I-V curves and
resistance values. We measured |-V characteristics as function of temperature and
in high magnetic fields for all microbridges. From the measurements we can extract
resistance behavior for temperatures between T = 20 - 300 K and for various current
densities,J.

Nonlinear I-V's in the transition

An example of typical temperature dependent resistance behavior R(T), measured at
a constant/ of 1x10" A/m? (1 = 0.5 ;A), is shown in Fig. 5.1a for a 10 nm thick mi-
crobridge (sample L(10)). Above the transition the resistance shows an exponential
dependence as function of temperature. This corresponds to the expected thermally
activated polaron hopping. We can extract the activation energy E12 meV by

fitting the high temperature data, as is shown in Fig. 5.1b. Here we note that the
values for the activation energies in the microbridges are roughly equal to those of
the unstructured films. Microbridge L(10) shows a metal-insulator transitioat T
=130 K (temperature of the maximum resistance value), below which the resistance
drops three orders of magnitude before going into the ferromagnetic metallic state.
The typical colossal magnetoresistance effect (CMR), a large drop in resistance upon
application of B = 5 T, is observed (see Fig. 5.1a). For most temperatures and in
high magnetic fields the I-V curves are linear. However, in the steep part of the tran-
sition they show strong nonlinear behavior. A typical example measured at T = 110
K is shown in Fig. 5.2a. The nonlinear behavior disappears completely when a high
magnetic field is applied. In Fig. 5.2b we show the |-V curve measured at the same
temperature in B=5T field.



Section 5.2. LCMO microbridges on flat STO 67

. 10
104 L(10)
1_
g
< 0.1/ 1;
[
0.01. "‘"i@
0 150 200 250 300

T(K)

Figure 5.1 — a) Typical R(T) behavior with CMR effect for the/mm wide microbridge L(10) with/

= 1x10 A/m2. We observe nonlinear I-V curves in the range which is indicated by the ellipse. b) Log
R vs. T plot for high temperatures T = 150 - 300 K. Note: the scale on the T-axis is reciprocal in order
to it to 1/T-behavior. The solid line is a fit to the data to extract the activation energy, EL2 meV

for the thermally activated polaron hopping process.
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Figure 5.2 — a) (Squares) typical I-V curve in the steep part of the transition (sample L(10)), at 110 K,
in B=0T. (Solid line) numerical derivative of the I-V curve. b) The |-V curve at T = 110 K measured
in B =5 T. Note: a current | of LA corresponds to a current densify= 2x10 A/m?.
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The nonlinearities are even more apparent in the (numerical) derivatives of the I-V
curves. In Fig. 5.2 and Fig. 5.3 we show the differential resistajeeas function
of J at four different temperatures in both B =0T and B =5 T. At low temperature

0.45 B=0T L(1(T>) 96KB=5T 0

T=96K =
030~ %
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1 13
’%‘ 0 12 %
= 11 =3
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Figure 5.3 — The numerical derivatives of the |-V curves for sample L(10) of which the R(T) behavior
is shown in Fig. 5.1. The curves are measured at four different temperatures and in B=0 T (left) and B
=5T (right).

all I-V curves are linear up to = 8x107 A/m? (I = 4 A). Upon warming into the
transition the nonlinear behavior starts to occur just before T = 96 K and appears
to continue until T,;;. However, due to the voltage limit of the nanovoltmeter, it is
difficult to observe any nonlinear behavior between 115 K - 170 K. Above this tem-
perature range all I-V curves are linear. The effect on the R(T) behavior becomes
clear when we directly compare the R vs. T for low (2%x20m?, | = 0.1 ¢A) and

high current density (4xT0A/m?, | = 2 ;A) (see Fig. 5.4a). The dashed line indi-
cates the measurement limit for the high current density measurement. Above this
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line the resistance values could not be measured due to saturation of the nanovolt-
meter. Application of current results in a shift of the upper part of the transition to

104
1 . b)
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s T (K)
r 011 1 60
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X
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0.01; ~—RTI= 2uATY o 0
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Figure 5.4 — a) R(T) behavior at two different current densities % 2x10 A/m? and J = 4x10

A/m?) for microbridge L(10). The dashed line indicates the measurement limit for the high current
density measurement. The absence of resistance values above this limit is due to saturation of the
nanovoltmeter. b) R vs. T for T = 90 - 120 K shows a shift of the upper part of the transition to higher
temperature. c) The calculated ER effect as function of temperature.

higher temperature with 5 - 10 K (see Fig. 5.4b). We can calculate the corresponding
resistance change (electroresistance, ER) using,

o Rhigh — Riow

100 51
Rlow 8 % ( )

ER(%)
in which Ry;g1.100) @re determined at high (low) current density. The ER effect as
function of temperature is plotted in Fig. 5.4c for microbridge L(10). We observe a
reduction in resistance of 60 just below Ty;;. The plot shows that the ER effect first
increases as the microbridge is warmed towargls but starts to decrease around
105 K, well before T, is reached at 130 K.

In Fig. 5.5 we plot the differential resistance (at maximum ER effect), normalized
with respect to the value at zero bias, as function of applied current density for the
three microbridges L(6), L(10) and L(17) (all dimensions: 5 x.30%); the zero bias
values are indicated in the caption. The behavior is similar for all three microbridges;
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the differential resistance is largest at zero bias, drops with increasing applied cur-
rent and saturates at roughly the same current density for the different samples. We

12l i L7 iT=110K . ' ]
| o L(0)-T=106K -
e L(6) -T= 85K

J[107 A/Im2]

Figure 5.5 — Numerical derivatives dV/dlI of the nonlinear I-V curves for three different microbridges

on STO. Note: the curves are normalized w.r.t. the zero bias resistivity. For each curve the sample name
is indicated as well as the temperature at which the |-V curve was measured. For all films the curves
are shown for the temperature were the largest reduction as function of applied current occurred. The
zero bias resistances are, L(17): R (0) = 0.2 ML(10): R (0) = 4.0 M2 and L(6): R (0) = 4.3 M.

can extract a second observation from Fig. 5.5: the current-induced reduction in R
appears to diminish when the microbridge thickness is increased. For sample L(6)
the maximum resistance drop is around’8@vhile for sample L(17) it is only 5@&.
Sample L(20) did not show nonlinear I-V curves in the transition. It was measured
in a smaller current density range (upie 1x10" A/m?), but given the sharpness of

the feature, it should have been seen in this range, if present.

Magnetoresistance at low temperature

We observe the well known CMR effect around the transition for all microbridges.
However, an additional observation can be made. We find that some microbridges
also show strong MR effects at low temperature. In Fig. 5.6 we show the R(T) plots
for two microbridges L(17) and L(10). For L(10) the application ofa B =5 T field
leads to a significant reduction in R at low temperature (Fig. 5.6b). Sample L(17)
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Figure 5.6 — R(T) behavior at B=0T and B =5 T, for two different film thicknesses. a) L(17) at
3.5x1¢ A/m? (1= 0.5 uA). b) L(10) atJ = 1x10 A/m? (I = 0.3 uA). Both microbridges have a width
of 5 um. The calculated MR as function of T is also shown for both samples (solid line).
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Figure 5.7 — Calculated MR effect at T = 20 K as function of microbridge thickness. For L(20) R
vs. T is measured in both crystallographic directions ((12010)) of the substrate; both values are
indicated (triangle = 010).

(Fig. 5.6a) does not show a large MR effect at low temperature; the B=0 T and B
=5 T curves almost overlap. To make this effect more clear we have also plotted the
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calculated MR value,

R(B) — R(0)

RO) x 100% (5.2)

MR(%) =
as function of temperature (see Fig. 5.6 right axes). The values for all microbridges
are plotted in Fig.5.7 as function of the microbridge thickness. For L(20) we mea-
sured the R vs. T in both (100) and (010) crystallographic directions of the STO
substrate which results in two different values for the MR effect. Both are plotted
in Fig. 5.7. The strength of the MR effect appears to be dependent on microbridge
thickness. The effect increases to almost an order of magnitude for sample L(6).

5.3 LCMO microbridges on NGO

We found strong nonlinear behavior in the transition for microbridges on STO which
are fully strained. An almost strain-free situation can be achieved by growing LCMO
thin films on the lattice matched substrate NGO. We have measured the transport
properties for unstructured thin films (see Chapter 4) as well a1 swide micro-
bridges for film thicknesses of 30 nm (sample L(3@)) and 10 nm (L(10yco)- In

Fig. 5.8 we show the transport properties of both microbridges. Sample£30)

, . : : 10— : : ‘
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B=0T _'_ 1{= B=5T J 120
s . 1-40
—_ 3 a [ ] \ g
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Figure 5.8 — a) R(T) behavior of microbridge L(3&)c0 (J = 7x10° A/m?, 0.1uA). b) R(T) behavior
of microbridge L(10)co (J = 2x10F A/m?, 0.1 uA) measured in both B =0T and B =5 T. The
calculated magnetoresistance as function of temperature is also shown (solid line). Both microbridges

have a width of Gum.

shows typical R(T) behavior for a strain-free LCMO film, with,F = 280 K around
the bulk value. However, microbridge L(2@)o shows a much lower transition
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temperature, J;; = 165 K since for films grown on NGO substrateg; T is also
dependent on film thickness. Fig. 5.8 also shows that the strength of the low T
MR-effect increases (absent in microbridge L(8@)») when the film thickness is
reduced (L(10yco MR = -45%). In Fig. 5.9 we compare the differential resis-
tance vs. current density curve of microbridge L@@Q) with microbridge L(10).
Although measured in a somewhat smaller current density range we find that there is

—a-L(10) -T=106K
12]-—-L(10) ., - T =150 K

T T T

J 10" A/Im?]

Figure 5.9 — Numerical derivative dV/dl of microbridge L(18%0 at T = 150 K (open symbols).
The dV/dI curve for microbridge L(10) at T = 106 K (closed symbols) is shown for comparison. Note:
the curves are normalized w.r.t. the zero bias resistivity, L(10): R(0) = 4208k L(10co: R(0) =

1.6 MQ

no nonlinear behavior observed in microbridges on NGO substrates with dimensions
down to 5pum x 10 nm.

5.4 LCMO microbridges on 1° STO

In this section we present transport measurements on LCMO microbridges which
were patterned on°Imisoriented STO with the microbridge oriented perpendicular
w.r.t. the step edges. We inferred (see Chapter 3) that the step edges introduce disor-
der in the film in the form of point defects. In Fig. 5.10 we show the resistance be-
havior for two microbridges, L(7);s (width: 5m) and a 10 nm x bim microbridge
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L(10),.s (TiO, termination). In both microbridges the resistance behavior shows a

10
1.

= =

) ]

E’OJ 2

> 0.01] 3

1E-34
1E-4

100 200 300
T (K)

Figure 5.10 —a) R(T) behavior of microbridge L(Z);s (J = 3x10* A/m?, 0.1uA), which is 5pm

wide. b) R(T) behavior of microbridge L(19). (J = 1x10' A/m?, 0.5 A), width 1 zm, grown on

singly TiO, terminated 1 STO. Both microbridges were measuredinB=0T aswellasinB=5T. The
calculated magnetoresistance as function of temperature is also shown (solid line). The arrows indicate
the range in which nonlinear behavior is observed.

typical metal-insulator transition and CMR effect. There is a significant increase in
the observed J;; compared to bridges on flat STO;;f = 163 K (L(10),,;s) and

Tarr = 130 K (L(7)45). This result is in line with the measurements on unstruc-
tured thin films shown in Chapter 4. Again, we find nonlinearities associated with
the transition. The arrows in the Figure indicate the range in which nonlinear behav-
ior is observed. We have determined numerical derivatives for all I-V curves. Fig.
5.11 shows‘fl—‘; as function ofJ at different temperatures and also in high magnetic
field for microbridges L(10),;s and L(7),.;s. A striking difference compared to the
transport properties of microbridges on flat STO is observed. The nonlinear behavior
occurs in the onset of the transition, not close #g;T Differential resistance peaks

are observed at zero bias. The shape of the peak is slightly different than found for
films on flat STO, in that the differential resistance shows a small undershoot before
saturation sets in (L(%)s), or even some increase again (L(4). The observed
current effects do occur in the same current density range as the microbridges on flat
STO. Another observation is that the nonlinear behavior disappears before the steep
part of the transition is reached. This becomes more clear in Fig. 5.12 were we show
the R(T) behavior (L(7);s) for low and high current density and the corresponding
ER effect. In the temperature range T = 55 - 100 K an ER effect of 80 %98
observed. The effect decreases to zero befqye i€ reached. In the case of the mi-
crobridges on flat STO such a pronounced decrease in current effect just bglow T

is not observed, which may be due to the measurement limit of the nanovoltmeter.
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Figure 5.11 —a) Numerical derivatives of the measured |-V curves fonrh wide microbridge
L(10).,:s. b) Numerical derivatives of the measured I-V curves for th@bwide microbridge L(7),:s-
For all curves the temperature and the magnetic field at which the curve was measured is indicated.
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Figure 5.12 — a) R(T) behavior at two different current densities% 3x1¢F A/m? (0.1 A) and J

= 3x10 A/m? (1 pA)) for microbridge L(7).:s. The larger current density results in a reduction of
resistance in the onset of the transition (see inset). The dashed line indicates the measurement limit
for the high current density measurement. The absence of resistance values above this limit is due to
saturation of the nanovoltmeter. b) R(T) in the temperature range T = 55-110 K. c) Calculated ER effect
as function of temperature for the 50 - 110 K temperature range.
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Finally, (from Fig. 5.10) also for microbridge L(4)s low temperature magnetore-
sistance of about an order of magnitude is observed.

5.5 Discussion

The measurements show that the reduced size of the physical system leads to novel
behavior which is linked to the metal-insulator transition. For strained microbridges
we find strongly nonlinear behavior in the steep part of the transition. We have also
investigated how disorder (microbridges on misoriented STO; nonlinearities but at
somewhat lower temperature) and strain (microbridges on NGO; no nonlinearities)
influence this behavior. Basically, nonlinear behavior as found here under the con-
trolled circumstances of substrate, sample thickness, and bridge width, have not been
reported before. Nonlinear behavior was observed recently in thick unstructured and
strongly oxygen deficient samples [2], but temperature regime, magnetization and
field dependence were all different, and it is difficult to connect that work to our
observations. Furthermore, we have shown through characterization (see Chapter 3)
that oxygen deficiency is not an issue in our LCMO films. Another concern is the pos-
sibility of Joule heating in the microbridge. The peak resistivity for our microbridges

is p ~ 10°-10° 12 cm which we use to estimate the effect of Joule heating in the
measured current density range. The power which is inserted into the bridge is of the
order of uW; the estimated Joule heating would be in the mK range which is clearly
negligible. Furthermore, heating would lead to different nonlinear behavior (increas-
ing resistance with increasing current) and can be ruled out as a possible cause for
the observed nonlinearities. A last concern is the the influence of the structural phase
transition, tetragonal to cubic, which occurs in the STO substrate at T = 105 K . Since
our LCMO films are epitaxial this could influence microbridge properties. However,
we have shown that the observed nonlinear behavior can occur at different tempera-
tures, both above and below T = 105 K. This indicates that the nonlinear behavior is
not an STO-induced effect but intrinsic to the material LCMO.

In Fig. 5.13 we provide the R(T) data of L(10) again, in order to discuss the
different regimes we believe are present, c.q. the different states of the microbridge
as it is warmed through the metal-insulator transition. At low temperature (region 1),
the strong MR effects show that an external perturbation, in this case a high magnetic
field, can still assist in increasing the metallicity in our microbridge. Clearly, inhomo-
geneities persist in the microbridges down to low T (also suggested in ref. [3]). The
inhomogeneities are shorted by the DE-type metallic state, which exists in the rest of
the microbridge, but they are abundant enough to cause an increase in their overall
resistivity. Upon warming into the transition the conduction electrons become more
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Figure 5.13 — Proposed scheme for the metal-insulator transition in LCMO (R vs. T for microbridge
L(10) atJ = 2x10° A/m?). Region I: at low temperature the material is in a FM state but nanoscale
inhomogeneities persist. Region II: in the transitignedectrons are localized by Jahn-Teller splitting
resulting in the formation of a glassy state of correlated (CE-type, charge ordered) polarons. Region
Ill: at a certain temperature above the transition the polaron correlations break down and the system
becomes a polaron liquid with only single dynamic polarons. In the graph the JT-splitting is indicated
with E; ~ 1 eV in the polaron liquid state.

localized, with the Jahn-Teller splitting of thg-kevels leading to polaron formation.

In the steep part of the transition we start to observe strongly nonlinear behavior. The
nonlinearities are not hysteretic which means that the voltage drop/increase, when we
sweep current density, is fully reversible. The reversibility indicates that the current-
driven transition to the metal is not first-order. A scenario in which current trans-
forms a possible antiferromagnetic insulator to a ferromagnetic metal, e.g. through
spin torque processes, is not likely. The closeness of the M-I transition in LCMO to a
first-order transition [4] would probably render this process hysteretic. The scenario
we are looking for is that of an intervening more or less homogeneous phase, which
can sustain a voltage difference. Such a phase was actually demonstrated to exist, and
is called the polaron glass phase [5]. To understand the origin of this phase, we have
to review the phase diagram for LCMO (see Fig. 2.3). At a doping®fx5 the ma-



78 Chapter 5. Mesoscopic transport in (La,Ca)Mntin films

terial becomes antiferromagnetic and charge and orbital ordered. At lower doping x
= 0.33 (our material), this ordering is frustrated, but polaron correlations can still oc-
cur. In ref. [5] it was shown through neutron scattering experiments that a correlated
polaron (glass) phase is formed in LCMO single crystals. The nanoscale structural
correlations occur just aboved;. The development of these static (charge ordered,
CE-type) polaron structures trap electrons and drive the system into the insulating
state. Therefore, this transition has a strong first order component. Our observations
show that the correlated regions already start to occur belgwand become more
abundant when the bridge is warmed through the transition. At a certain moment this
results in an homogeneous glass phase which fully closes off the microbridge. In this
rather homogeneous state the application of current induces a novel type of melting
of the charge ordered state which we believe is responsible for the observed strongly
nonlinear behavior. We also observe a large CMR effect in the transition; which is, as
reported both experimentally [6, 7] and theoretically [8], also directly related to the
occurrence of the correlated polaron phase. Much weaker CMR effects are observed
in systems with only single dynamic polarons. Warming into region Ill, the polaron
correlations break down (polaron liquid) and conduction is governed by thermally
activated (single) polaron hopping.

In the following we discuss how the above mentioned general picture is influ-
enced by microbridge thickness, disorder and strain. We observe several thickness
dependencies in our LCMO microbridges. The position gf;Tis shifted to lower
temperature, the strength of the low temperature MR effect is increased and the low
temperature resistivity value (see Table 5.1) is increased when the microbridge thick-
ness becomes smaller. The above mentioned trends appear to be correlated with the
occurrence and strength of the observed nonlinear behavior in the transition. When
film thickness is reduced the nonlinear behavior becomes more pronounced. The
higher values for low T resistivity (and lower values fof;J) indicate an increasing
first order component of the transition.

Films on misoriented STO show highey,F and an increased itinerancy of the
microbridge. As discussed in Chapter 4 the introduction of step edges onto the
STO surface leads to disorder in the form of point defects. Possibly, when the
microbridge tends to become insulating the introduction of density of state inho-
mogeneities, through defects and impurities, results in the formation of additional
conduction channels. This is in line with previous reports [9] which show that met-
allization of an insulating phase of (La, Ca)M#{3 possible by introducing valence
variation on the Mn-site or by introducing defects in the parent magnetic state. How-
ever, it seems probable that the introduction of disorder also leads to disruption of
the formation of the glassy phase. The microbridge is now less homogeneous when
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Table 5.1 — Resistivity at T = 20 K for samples L(20)-L(6), L()s and L(7)..s and samples
L(30)nco and L(10co. The corresponding values fond; are also indicated. Note: apart from
L(20) (50m) all values are determined for;Bn wide bridges. The anomalously high value for L(15)
is probably caused by damage to the microbridge.

Sample d | Tyr | p(T=20K)
nm | (K) | [103u cm]
L(20) | 20 | 150 1.76
L(17) | 17 | 150 1.53
L(15) | 15 | 125 22.6
L(10) | 10.3| 130 2.44
L(6) 6.4 | 110 4.46

L(10)nis | 10 | 163 0.80
L(7)mis | 7 | 130 1.90
L(B0)nco | 30 | 280 0.083
L(10)vco | 10 | 165 1.23

going through the M-I transition which most probably leads to the occurrence of the
nonlinear behavior in the onset of the transition instead of just belgw. TFrom

Table 5.1 we conclude that an increased bandwidth which is associated with larger
film thickness, films grown on NGO and films grown on misoriented STO leads to
reduced sensitivity to polaronic effects. The formation of correlated regions becomes
increasingly difficult as it is counteracted by the enhanced band formation. In the
case of microbridges on NGO this leads to absence of nonlinearities since the glassy
regions (which remain nanoscopic entities) are shorted by the rest of the microbridge
which has higher conductivity, either consisting of ferromagnetic metallic (low tem-
perature) or single dynamic polaron (high temperature) regions.

In the past nonlinear |-V curves have been observed gxCay 2MnO;3 single
crystals [10] and were, although more pronounced at low temperatures, explained as
the presence of metastable resistivity states due to the coexistence of different phases.
In Chapter 6 we will show through electric field effect experiments that such phase
separation also plays a role in our LCMO microbridges. However, we have argued
here that the cause for the observed current effects has a different origin, namely
current-induced melting of the homogeneous glassy polaron phase.

5.6 Conclusion

When the physical size of an LCMO strip becomes small novel behavior is found in
the transport properties. The observed nonlinear behavior is caused by a novel kind
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of melting of the insulating state. As a possible explanation, we use the concept of
a phase of glassy polarons which is formed in the M-I transition, and which leads to
strongly nonlinear behavior when this phase fully and homogeneously closes off the
microbridge. We also observe that strain, which inhibits band formation, enhances
the polaron correlations leading to lower values fgf;T higher values for the low T
resistivity and stronger current effects. The absence of hysteresis in the nonlinearities
indicates that the "current melting”is not first order (although probably close) and
that the reduction in microbridge thickness even increases the first order component.
The introduction of atomic steps on the STO substrate surface and the corresponding
point defects in the film inhibit the formation of the glassy polaron regions. However,
these microbridges still exhibit nonlinear behavior but that is shifted to the onset of
the transition instead of just belowyf;. In microbridges on NGO for which strain

is absent, the correlations now occur on too small length scales to cause nonlinear
behavior in the transition. The physical size of the bridge has to be reduced further
to observe the effect.
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Chapter 6

Electric field effects in (La,Ca)Mn§
thin films

6.1 Introduction

In Chapter 5 we presented the magnetotransport properties @f;Cay 33MnOs
(LCMO) microbridges grown on various substrates. We found large magnetore-
sistance (MR) effects at temperatures well below the metal-insulator transition and
strong nonlinear behavior in the transition. We interpreted this as the signature of
the occurrence of a homogeneous glassy polaron phase which can be melted by an
applied current density. The reversibility of the melting indicates that the transition
is not (although probably close to) first order which may lead to sensitivity to applied
electric fields.

There is a special interest in electric field effects. Conventional field effect tran-
sistors (FET) consist of semiconductor channels of which the conductivity can be
modulated by an electric field applied through a gate positioned on top or below the
channel. Materials which are commonly used in FET’s are Si with, &i©gate di-
electric. The carrier density in a layer (with thickness equal to the screening length
for the electric field) at the Si-SiQinterface can be controlled by the gate voltage;
this leads to modulation of the conductivity between the source and the drain. The
demand to fabricate higher circuit densities has led to increasingly smaller feature
size. However, the dimensions of these semiconductor microstructures are reaching
their intrinsic physical limit. Further increase of circuit density requires the consid-
eration of different materials for the gate oxide, but another direction might be to
consider different materials for the channel. Si-based FET's rely on the bandgap de-
riving from the covalent bonds in the material. Carriers are brought in by doping, and
have a low density. In correlated electron systems such as the manganites, the band
gap is the result of electron correlations in the d-band (Mott-Hubbard gap). Being
able to control this band gap and the large amount of potential carriers could result in

83
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novel FET-type devices.

Field effects have already been investigated in several types of correlated elec-
tron systems such as high-Tsuperconductors [1] and colossal magnetoresistance
(CMR) manganites (for a review see ref. [2]). Epitaxial perovskite heterostructures
have been used in various FET geometries. For exampleQ@a sMnO; thin films
were combined with a ferroelectric material (Pp£Fiy.3sO3, PZT) as gate dielectric
[3] and the material Lgs7Bay.33Mn0O;3 [4, 5] was used in a side gate geometry. For
the material LggSr.2MnO3 (LSMO) [6] (PZT gate) E-field induced modulation of
T 7 and magnetoresistance behavior is reported. The high carrier density, although
desirable, also brings a problem with it. The screening length of the E-field is typ-
ically less than 1 nm [6], therefore the manganite layer has to be very thin. In refs.
[4, 6] the field effects are attributed to charge carrier density modulation in the man-
ganite channel since a (reversible) shift gff Tupon application of an electric field
is observed. The effect is bipolar (i.e. a doping effect) meaning that opposite signs
of the gate voltage result in opposite shifts if;Tas expected for a change in car-
rier density with the electric field. The shift is small. For a film of 3 nm LSMO, a
variation of about 10 K could be achieved.

A different effect with the PZT-gate geometry was reported for the material LCMO
[7] for which large (in-plane) resistance variations 76 %) are observed in 50 nm
thick LCMO films. In the same effort much weaker field effects (few percent) are
also presented for devices in which the SrJi@TO) substrate is used as backgate
dielectric. The reported effects are bipolar (and strongly asymmetric w.r.t. the sign
of the field) but no shift in J;; is observed. Since the thickness of the film is much
larger than the screening length of the electric field the effects are attributed to the
presence of a phase separated state. The applied field changes the relative volume
fraction of coexisting metallic (M) and insulating (I) regions by accumulating charge
at the M-I interfaces. This is contradictory to other reports in which phase separation
is correlated with unipolar field effects (i.e. sign of resistance change is the same for
opposite signs of the applied gate voltage) for example yxCay oMNnOg thin films
on thinned STO substrates [8]. The effect does not occur at the M-I transition but at
lower temperature at a reentrant insulating state. Since the effect is unipolar it cannot
be due to doping effects; a pseudogap scenario is suggested. Clearly, there are still
some contradictions to resolve.

The investigation of field effects in micron-sized structures could lead to more
conclusive results. In this chapter we investigate the response of LCMO microbridges
to an applied electric field. We present the device and some issues which occur when
STO is used as backgate dielectric and we show the results of the gating experiments.
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6.2 STO: backgate dielectric

In conventional field effect transistors Si@® used as a gate dielectric (breakdown
field E, = 10 MV cm™! and dielectric constant.e= 3.9). The material STO can also

be used as gate dielectric. This is advantageous since we can fabricate a device con-
sisting of only complex oxides. Furthermore, the relative dielectric constant is two
orders of magnitude higher,(e 310 at room temperature) compared to $Si( this

section we discuss the device geometry and a few practical issues like electrostriction
in the STO and the possibility of leak current through the gate.

6.2.1 The device

The substrates we use are generally 0.5 - 1.0 mm thick and are therefore difficult to
use as backgate dielectrics. The required applied gate voltage would be larger than
500 V to create an electric field which would significantly affect the microbridge (see
section 6.3). We have followed two different approaches for device fabrication. Di-
rectly growing the LCMO film on a two side polished 1@én thick commercially
obtained STO substrate can be done, but film growth (the substrate is glued directly
onto a heater surface) is very difficult with such a fragile sample. The other possibil-
ity is to mechanically mill down the 0.5 mm thick STO substrate with a microbridge
already fabricated on top. The disadvantage in this case is the roughness of the back-
side of the STO which might interfere with the homogeneity of the electric field. In
this chapter the results are all on samples which were milled down after microbridge
fabrication process was complétérhe microbridges were measured before and af-
ter the milling procedure; comparison of the results shows that the bridges remain
undamaged during this process. The geometry of the measured devices is shown in
Fig. 6.1 with the same microbridge structure as was shown in Fig. 3.13. The gate

\'a \
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Vg | |5
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| =T e

Figure 6.1 — The geometry of the devices for field effect measurements. The STO is mechanically
milled down to 10Qum and electrical connections for the measurement are indicated.

voltage V, is applied between the back of the STO substrate (through a silver paint

The milling was performed at Louwers Glass and Ceramic Technologies in Eindhoven
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contact) and one of the voltage contacts of the microbridge. In this way we can apply
an electric field across the microbridge while measuring the I-V curves.

6.2.2 Electrostriction

Here we note that STO exhibits a cubic to tetragonal phase transition at T = 105
K. Our observations and ref. [9] show that the effect of this phase transition on
transport properties is small. Fig. 6.2 shows the temperature dependent resistance
of sample L(20) (Fig. 6.2: a) unstructured; b) the:m wide microbridge). The

value for 1p(dp/dT) (right axis) shows a small effect around 105-100 K which is,
only for the microbridge, directly visible as a small peak in R(T). Furthermore, the
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Figure 6.2 — R(T) behavior of sample L(20) a) unstructured and b) microbridge (w:m3 between
T =70 - 130 K. Right axis: /(dp/dT) (solid line). The position of the phase transition in the STO is
indicated by the arrow. Similar behavior is observed in ref. [9].

material is also piezoelectric. When mechanical stress is applied on the material,
the deformation induces electric dipole moments, which results in a voltage across
the material. The other way around also occurs, when an electric field is applied
(e.g. gating experiment) across the material the crystal lattice is deformed. This
is called electrostriction. A systematic study of the lattice parameters of STO as
function of applied voltage was reported in ref. [10]. The main conclusion was that
for increasing applied voltages (8 500 V) a larger volume fraction of the STO is
converted from the cubic phase to a distorted phase. This could be a disadvantage
for our gating experiment, since the microbridges in our device are epitaxial and
therefore fully adapted to the STO substrate. Lattice deformations in the substrate
could lead to strain relaxation and defect formation in the film. Furthermore, the
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structural distortion in the film and substrate might not be reversible and the device

would not be returned to the initial state even after gate voltage has been turned
off. Strain-induced resistance variations caused by piezoelectric gate dielectrics have
been reported [11, 12]. However, the observed variations are all smaller fian 1

6.2.3 Possibility of leak current

Since the STO has defects and impurities we check whether leak current through the
gate is an issue in our devices. We monitored the current through the gage=at V

0 V before measuring |-V curves on the bridge which were taken every 5 K from
20 to 300 K. The same measurement was performed wjtlx* 100 V and V,

= -100 V. The measured gate currepi;d is plotted as function of temperature in

Fig. 6.3. We find that for T< 100 K l,4. is zero. However, when warming from
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Figure 6.3 — The current measured between the gate voltage contacts upon warming from 20 to 300
K. For the closed squares we did not apply any gate voltage. The open symbols indjcate0u V
and V; =-100 V.

T =100 Kto T = 200 K we find gate currents up to 25 nA even when the applied

gate voltage is zero. Above 200 K there is no current flow between the gate con-
tacts. An interesting observation is that the current effects start to occur at T = 105
K, the transition temperature for the structural phase transition from cubic to tetrag-
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onal. However for a measurement in whigh;} was measuredontinuouslyduring
thermal cycling we did not observe gate currents. Nor did we observe gate currents
when the |-V curves are not measured. This indicates that the observed current is
not a leak current due to the application of a gate voltage but rather a discharge cur-
rent. Apparently, when the temperature of the STO is chamged-V curves are
measured in the microbridge, charging occurs in the STO. The measurement of the
current between the gate contacts subsequently discharges the STO. A second mea-
surement, on a timescale much faster than 1 sec, does not show a current anymore.
At the structural transition the dielectric constant of the STO changes, which would
explain the occurrence of the above mentioned results. The observed current effect
is small compared to the measurement current in the microbridge. Therefore, it is
expected that this will not significantly influence our gating experiment.

6.3 Gating effects in LCMO microbridges

In this section we present the results of the gating experiments performed on two
different microbridges (L(10), width = pm (see Chapter 5); L(1Q)., width = 0.5
1m) on mechanically milled STO substrates.
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Figure 6.4 — Resistance vs. temperature behavior (left axis) of a 500 x FOU®MO bridge (sample
L(10)g4qte) determined from I-V curves at | around OA. We show curves for three applied gate
voltages: \, = 0, +/-75 V. On the right axis the ratio between R (0 V) and R (-75 V) is shown. The
measurements in this graph were performed by I. Komissarov.
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In both cases I-V curves were measured while warming from 20 to 300 K with applied
gate voltages of y =0, +/- 75 V (this corresponds to a maximum E-field of E =
7.5x10 V/m). The results for sample L(1Q). are shown in Fig. 6.434. From
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Figure 6.5 — (Top) R(T) behavior of a 5um x 10 nm LCMO bridge (L(10), see Chapter 4 and 5)
measured at | = 0.LA. We show curves for three applied gate voltageg: 20, +/-75 V. (Bottom)
ratio between R(0) and R (Y (closed circles: Y =+ 75V, open circles: Y =- 75 V).

the resistance vs. temperature behavior it is clear that there is a strong electric field
effect in the transition around T = 120 K and below; T~ 160 K. The resistance is
reduced by a factor of 2 when,\= -75 V is applied. The resistance is also reduced
upon application of a positive gate voltage, however, the effect is less strong. The
observed effect is unipolar and important to note is that the position ff€mains
unchanged when gate voltages are applied. We have repeated this measurement for
sample L(10) (see Chapter 4 and 5). The results are shown in Fig. 6.5. Again
we observe an electric field induced reduction of the microbridge resistance in the
transition. In this case the effect is quite sharply peaked at T =90 K and the resistance
is reduced by a factor of 5 upon application of ¥ +75 V. The asymmetry between
gate voltage with opposite sign is somewhat larger compared to the microbridge in
Fig. 6.4. In both microbridges another effect is observed as well. The electric field

>The measurements on L(1Q). were performed by |. Komissarov
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induces a (smaller) reduction in resistance at low temperatures. Again both signs of
the gate voltage result in similar resistance changes. Important to note is that once
an electric field has been applied the microbridge appears to be irreversibly changed.
For the microbridge in Fig. 6.5 we could not recover the low temperature initial state
with the higher resistivity after gating. This is also seen from measurements in which

a gate voltage sweep was done at constant temperature. The initial zero voltage state
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Figure 6.6 — (Top) R(T) behavior of a 5um x 10 nm LCMO bridge (L(10), see Chapter 4 and 5)
determined from |-V curves at | = 0.bA. We show curves for three applied gate voltageg: 20,
+/-100 V. (Bottom) ratio between R(0) and R{)/(closed cicles: Y = + 100 V; open circles: Y = -
100 V).

was not regained. This could be caused by the electrostriction which was mentioned
in the previous section. However, we do not see signs of strain relaxation (shift
of Ty to higher temperatures) in the microbridge properties after application of
an electric field. To check whether the microbridge eventually relaxes back to its
initial state we measured the L(10) again at a somewhat largef ¥/-100 V. The
results are presented in Figs. 6.6 and 6.7. Fig. 6.6 (top) shows the R(T) behavior
for different values for y (0 V, +100 V and -100 V). The bottom panel shows the
ratio R(0)/R(100V) for both signs of the gate voltage. The observed response is again
asymmetric w.r.t. the sign of ¥ V, = -100 V shows a much stronger effect at low
temperature while y= +100 V only shows a response in the transition. The electric
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field effect shows two peaks but is again largest in the transition now at T = 100 K.
Here we note that this occurs at slightly higher temperature compared to before (T =
90 K) and the strength of the effect is a factor of 2 smaller. The origin of the double
peak is unclear. In Fig. 6.7 we show two |-V curves (T = 100 K and T = 110 K)
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Figure 6.7 — (Top) I-V curves for L(10) at T = 100 K and T = 110 K. (Bottom) the corresponding
numerical derivatives. The figure shows curves fgr3/0 V (closed squares) and,\= +100 V (open
triangles).

and their corresponding (numerical) derivatives fgr+/0 V and V,, = +100 V. We
extract two striking observations from Fig. 6.7. First, at T = 100 K the nonlinearities
which we associated with the formation of a homogeneous glassy polaron phase start
to appear, with a full width of the peak in dv/dl of 4A. From the I-V's and the
derivatives it becomes clear that the nonlinearity is suppressed upon application of
an E-field. Second, at T = 110 K, were the maximum current effect is observed in
the I-V (peak width: 4uA), the strength and shape of the nonlinear behavior is fully
unaltered by application of the E-field.
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6.4 Discussion

In this chapter we have observed a strong electric field induced resistance reduction,
electroresistance (ER) in the metal-insulator transition and a smaller effect at low
T. For both effects the resistance appears to decrease irrespective of the sign of the
applied gate voltage. We also observe thgi;Tfemains constant when E-fields are
applied. Since our effect is unipolar we attribute the observed ER effects to a form
of phase separation. We have shown in Chapter 5 that even at low T inhomogeneities
persist in the microbridge. The applied E-field changes the relative volume fraction of
the coexisting phases by accumulating charge at the interfaces between them, which
can result in the dielectric breakdown of the inhomogeneities. Important to note is
that the maximum in the ER effect occurs in the onset of the transition when the non-
linearities start to appear in the I-V curves. On the other hand, when the nonlinear
effect has fully developed, the electric field effect disappears. All this takes place
in a temperature range of not more than 10 K. Apparently, when the glassy polaron
regions start to close off the microbridge the E-field has maximum effect. In this
stage a small change in volume fraction of the correlated polaron phase opens the
microbridge again for percolation. However, when the glassy phase becomes homo-
geneous and closes off the bridge (i.e. when strong nonlinear behavior is observed)
the E-field does not result in the breakdown of the glassy phase, and therefore the
nonlinearities are not altered by the E-field. Here we note that the observed ER ef-
fect in the transition is (strongly) asymmetric with respect to the sign of the applied
gate voltage. It is possible that doping still plays a role and that asymmetry in hole
and electron modulation of inhomogeneities in the microbridge lead to the observed
asymmetric behavior. However, the unipolar behavior is dominant. The asymmetry
may also be caused by substrate-induced effects like electrostriction; however, this
effect would lead to strain variations which should altgy;T(in our experiments

Tar remains constant). Another issue could be the possible inhomogeneity of the
E-field due to the roughness of the backside of the STO substrate after milling. Here
we note another peculiarity, the ER effect at low temperature is irreversible or hys-
teretic. Once an E-field has been applied the microbridge is not returned to the initial
higher resistivity state. This feature makes it impossible to sweep the gate voltage
at constant temperature since the initial zero field state is not regained after gating.
Clearly, the collapse and rebuilding of the correlated regions is not well controlled
[13]. However, the microbridge appears to at least partially relax back to its initial
state since remeasuring the gate effect (days later) leads to similar but smaller effects
at low T and in the transition. The observed hysteresis is another indication of the
closeness to a first order nature of the M-I transition in very thin microbridges.



Section 6.5. Conclusion 93

6.5 Conclusion

We have extracted three important observations from the E-field measurements, ER at
low temperatures, a large effect in the transition and disappearance of the field effects
when the transport current start to show its nonlinear features. At lower temperatures
and in the onset of the transition, the short range polaron correlations form in small
regions. These regions can be (partially) melted by the application of an electric
field. When the regions start to close off the bridge the field applied across the gate
shows maximum effect. The application of the E-field now leads to a change in
volume fraction of the glassy phase which results in percolation through the bridge.
However, when the microbridge is fully closed off by the glassy phase (i.e. the bridge
is homogeneous) the E-field disappears and the strongly nonlinear I-V curves, in the
steep part of the transition, remain unaltered even when an E-field is applied.
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Chapter 7

Putting the pieces together

The results which we presented in Chapters 3-6 led to many observations. Here we
summarize the major findings and where possible interconnect them. We started in
Chapter 3 with the characterization of ourglgaCay 33MnO3; (LCMO) thin films

grown on various substrates. A general feature for both strained (Sraéi@ un-
strained (NdGag) films is the formation of a substrate-film interface layer of reduced
Mn-valence to compensate for Madelung potentials caused by charge mismatch be-
tween the film and the substrate. In Chapter 4 we were able to directly correlate
this layer with a reduced value for saturation magnetization of our films. The com-
pensation layer is clearly a magnetically dead or weak layer. Apart from reducing
the effective thickness of the film the interface layer does not appear to have a large
influence on transport properties.

In Chapters 5 and 6 we found novel behavior in LCMO microbridges in the form
of strong nonlinear behavior in the steep part of the transition. The nonlinearities
are attributed to a novel type of current-induced melting of the intervening glassy
polaron phase which is formed when the microbridge is warmed into the M-I tran-
sition. This correlated polaron phase is similar to the charge ordered state at higher
doping levels. The sensitivity to E-fields occurs in the phase separated state and is
maximal when the correlated regions become comparable to the physical size of the
microbridge. Once the bridge becomes too homogeneous the E-field does not lead to
dielectric breakdown of the glassy phase. The strong nonlinear behavior just below
T remains unaltered when an E-field is applied. Therefore, an important finding
is that the phase separation which is associated with the M-I transition in LCMO
microbridges leads to sensitivity to applied electric fields but is not responsible for
the observed nonlinearities (c.q. the nonlinearities are not caused by current-induced
percolation). The observed novel behavior in LCMO microbridges is directly corre-
lated with the small bandwidth of this system. This leads to clear trends in transport
properties such as the strain-induced reduction of the transition temperafure T
(T¢) with decreasing film thickness which is directly coupled to increased values for
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the low T resistivity. The absence of strain (NGO) and the introduction of unit-cell
high steps on to the STO surface (c.g. point defects) leads to an enhancemgnt of T
compared to films on flat STO. These trends indicate that the application of strain and
reduction of film thickness results in an increase of the first order component of the
transition. This coincides with the observation that the nonlinear behavior becomes
more pronounced for the very thin (d 15 nm) microbridges. In contrast, materi-

als such as Lgg7SK.33MnO3 (LSMO) with larger bandwidths are less sensitive to
electron-phonon coupling and Coulomb correlations. The M-I transition in such ma-
terials is second order in nature. Therefore, its is expected that thin films of LSMO on
STO have much less (or no) tendency to phase separate nor to form the intervening
glassy phase. Our expectation is that LSMO does not exhibit the nonlinear behavior
and the unipolar E-field effect even for very thin films. However, nonlinear behavior
is expected for the smaller bandwidth materials which are obtained when the doping
level of (La,Ca)MnQ is reduced. For example for x = 0.18 the material is charge
ordered at low temperatures therefore compositions near this phase boundary pro-
vide interesting materials for further study of the observed glassy phase and possible
E-field effects.



Appendix: (La,Ca)Mn@ nanowires,
growth process and preliminary
findings

A.1 Introduction

We have observed nonlinear behavior in the metal-insulator transition for

Lag 7Cay.33MnO3 (LCMO) microbridges on STO substrates. We ascribe this be-
havior to the formation of an intervening glassy polaron phase in the transition. The
condensation of the correlated polaron regions occurs on mesoscopic length scales
and is a generic feature of the material LCMO. Given the various effects (nonlinear
transport, low-temperature magnetoresistance) we found in LCMO microbridges on
STO, it can be of interest to investigate LCMO nanowires. Moreover, according to
Shankar et al [1] the transition temperature in such wires is shifted to higher temper-
atures compared to the bulk transition temperature, even to above room temperature!
In this chapter we present a recipe for LCMO nanowire fabrication in which a sol-
gel (liquid) is brought into the pores of anA&b; template. Furthermore, we present
Scanning Electron Microscopy (SEM) images for characterization and preliminary
magnetization measurements which were performed in a MPMS (Magnetic Prop-
erties Measurement System, Quantum Design) with the field directed along the pore
direction. The goal is to measure the transport properties of single LCMO nanowires,
which was not measured in [1]. However, we could not reproduce the basic results of
Ref. [1], as will be detailed below.

A.2 Growth process

A.2.1 The sol-gel process

The growth process for nanowires is a template assisted sol-gel process. A stoichio-
metric solution is used consisting of the elements that make up the material of the
wire. An additional ingredient to the solution is a polymer. The polymer, in this case
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ethylene glycol (EC), is necessary to serve as a backbone for the nanowire nucle-
ation process. The solution is prepared within a specific viscosity range by heating
it, after which the sol is brought into the pores by emersing the template. Ideally,
the sol penetrates the template, filling the pores fully. Subsequently the filled tem-
plate is heated to higher temperatures to crystallize the correct phase. An advantage
of the sol-gel process is the relatively low temperature at which this phase forms (
600°C). For comparison, conventional solid state methods for making polycrystalline
material require temperatures>I 1000°C. The nanowire growth process is shown

in Fig. A.1 (taken from [1]). Two different nucleation processes are shown in the

Nucleation on the walls

3 @)

KM Gy
AYER N
> .

N

G

M ™ —

D I F G
Nucleation at the pore centre

M M |- @ €Y

CEE ) -
3N L | | G | | 6

oM . AI)‘) m
‘ /M‘ . (—J\‘r\' ) G %

DACA BRIV %

- Polymer m.\tnxT Easy growth axis
A B C | D]

Figure A.1 — Two possible growth processes for nanowires inside the pores of a template. Top (D-G):
growth when nucleation starts on the walls of the pore. This will result in a polycrystalline shell wire.
Bottom (A-D): Nucleation commences in the pore center and results in a single crystalline wire. Taken
from [1].

figure. In both cases, when the template is heated to higher temperature, the EC
polymerizes and cation complexes nucleate along the polymer. However, the nucle-
ation of the final phase of the material can either start on the pore walls (top panel)
or in the center of the pore (bottom panel). Wall nucleation will result in a polycrys-
talline shell nanowire. When nucleation can be forced to commence in the pore center
the nanowires should be single crystalline. Reportedly, Shankar et al [1] have suc-
cessfully grown Lgg7Srp.33MnO3 (LSMO) and LCMO nanowires using anodized
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Al,O3 templates. The stoichiometric solution consisted of lanthanum, strontium and

manganese nitrates dissolved in water and ethylene glycol. The anodization of the
template results in a positively charged template which induces pore-center nucle-
ation. We have used this recipe as our starting point for nanowire fabrication.

A.2.2 Templates and pores

Choosing the proper template and the corresponding pore characteristics is important
for nanowire growth. In the case of [1] anodized alumina was used to serve as tem-
plate. The template should have certain properties to be useful in growth processes.
It should be able to withstand high temperatures600°C), which is necessary to

form the perovskite phase, while remaining mechanically stable. Such templates are
commercially available [2]. We have investigated three possible templates for the
nanowire growth process. We used a FEI nanoSEM to characterize them and in the
following paragraphs we will present the characteristics of the various templates.

Commercial anodized alumina

We have used commercial alumina templates from Whatmann. These templates are
hydrophillic inorganic membranes designed as biological filters with the following
properties, template thickness: Gén , diameter: 13 mm , nominal pore size: 100
nm, pore density: 25 - 58 , maximum service temperature: 40G. The corre-
sponding SEM images are shown in Fig .A.2. From the cross-sectional views (Fig.
A.2a,b and c) it is clear that the pores intersect each other and that a filter layer
is present on one side of the membrane with nominal pore size 20 nm. This

could seriously hamper effective filling of the pores with the prepared solution. Fur-
thermore, the surface of the membrane is rough and pores are not well ordered in a
hexagonal lattice [3]; some are bunched into pores with larger diameter.

Custom made anodized alumina

We have also looked into the possibility to use custom made anodized alumina tem-
plates. The membranes shown in this paragraph were fabricated in Halle in the group
of Prof. Dr. K. Nielsch [4]. The membranes were prepared in 1wt% phosphoric acid
and have a thickness of 40n, an inter-pore distance of 500 nm and a pore diameter
of 190 nm (see Fig. A.3 and ref. [5]). These templates show straight pores through
the entire thickness of the membrane and the usual hexagonal ordering of the pores.
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Figure A.2 — SEM images of anodized alumina bought from Whatmann. a) b) and c) are cross-
sections of the template at different magnefications: 8000x, 13000x, and 30000x respectively. Image b)
shows the presence of a filter layer with pore siz0 nm indicated by the two lines. d) Top view of

the template showing a rough surface.

Polycarbonate templates

Another possible template which can be used in the fabrication of LCMO nanowires
is polycarbonate (PCB) (also commercially available). The SEM images in Fig. A.4
show the characteristics of the polycarbonate template. The PCB membranes have
the following properties, thickness: /@n, average pore size: 50 nm, pore density:
1x10 to 6x10° pores/cr and maximum service temperature: P40 The templates

are coated with polyvinylpyrolidone (PVP) to make them hydrophilic. Because of the
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Figure A.3 — SEM images of anodized alumina fabricated in Halle. a) Cross-sectional view of the
membrane (magnification: 1600x). b) Top view of the template (magnification: 16000x).
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Figure A.4 — SEM images of the polycarbonate template. a) Top view magnetfication: 5000x. b) Top
view of the template at magnification: 12000x.

low maximum service temperature the membrane will disintegrate during the calci-
nation process. If the wires are already formed during the low temperature stages,
we can use this template. However, the disadvantage is that after the growth pro-
cess the wires are not aligned which makes characterization through magnetization
measurements difficult.
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A.3 LCMO nanowires

In this section we present SEM images of templates after the nanowire growth pro-
cess. For each template we used similar recipes for the solution but solution viscosity
and temperature during the calcination process were varied.

A.3.1 Viscosity

We measured the viscosity as function of heating time of the sol using a rheometer
Physica MCR 501. The following stoichiometric composition was used:

e La(NGO3)3 = 3.089 gr; molecular weight: 433.02 g / mol; atomic weight La:
138.9

e Mn(NOs)2 = 4.427 gr; molecular weight: 164.09 g / mol; atomic weight Mn:
54.9

e Ca(NG;). = 1.684 gr; molecular weight: 178.95 g / mol; atomic weight Ca:
39.96

¢ H,0O =8 ml; molecular weight: 18.02 g

e ethylene glycol = 9.5 ml; molecular weight: 62.068 g / mol
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Figure A.5 — a) Viscosity as function of measurement time for the solution which was kept &t50
for different durations. The sol is not heated during the measurement. b) Viscosity vs. heating time at
T=150°C.
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The sol was kept at T = 150C on a hotplate for different amounts of time. The vis-
cosity was measured directly after taking the sol of the hotplate. In Fig. A.5 we show
the viscosity of this sol for the different heating times. In Fig. A.5a we measured the
time dependence since the sol is still cooling after taking it of the hotplate. Appar-
ently, the viscosity increase is not reversed when cooling back to room temperature.
Fig. A.5b shows the viscosity dependence on heating time (atChdt varies be-
tween~10 mPa s, for the unheated sol, to 1.08 Pa s for the sol which is heated for 1h
and 30 min. For comparison the viscosity of water is 1 mPa s.

A.3.2 Commercial anodized alumina template

In this section we show both SEM results as well as magnetization data for a typical
nanowire growth process. The stoichiometric solution, mentioned in section A.3.1,
was heated to 150C for 1h and 30 min with continuous stirring. In our case simple
emersion of the template in the sol did not result in any filling of the pores, but only
covers the surface of the template. Therefore, we have developed a setup in which a
pressure difference was applied across the template to pull the sol through the pores.
After filling, the template surface is wiped clean and the template is dried &tQ,20

after which it is filled again using the same procedure and the same sol. Next, the
template is placed in a furnace (in air) where it is heated with a ratéGfr@in to 700

°C at which it stays for 5 hours; it is subsequently cooled with a rateQf/&in. The
ethylene glycol polymerizes around 200 and has an auto-ignition temperature of
410°C. The corresponding SEM images which were recorded directly after growth
are shown in Fig. A.6. From the images it is observed that only particles (see arrow
in Fig. A.6) are formed in the pores. Both increasing or decreasing the viscosity of
the sol did not improve the filling fraction of the pores. For an additional example of
an attempt to grow LCMO nanowires in commercial templates now with the sol at
significantly higher viscosity, see Fig. A.7. For this growth process the filling frac-
tion seems slightly higher. However, there is a strong gradient of the filling fraction
across the template. The fraction is higher at the side of the template which contains
the 20 nm filter layer. We were unable to grow continuous structures in these tem-
plates. Furthermore, for both samples we measured the magnetic properties, with the
applied magnetic field directed along the pore direction. The results are shown in Fig.
A.8. The measurement includes the material which is in the pores as well as on top
of the template. From the magnetization as function of temperature and of applied
magnetic field we observe that the material inside the membranes is ferromagnetic
with a transition temperature around 260 K. The measured Curie temperature cor-
responds to the bulk transition temperature of LCMO which is expected from the
prepared stoichiometry of the initial solution. Furthermore, we observe an upturn in
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Figure A.6 — SEM images of a template after filling of the pores (sol heated td” C5@r 1h 30 min)
and after heating to 700C for 5 hours in air. The arrow indicates the particles which are in the pores.
a) Top view. b) Cross-sectional view.

Figure A.7 — SEM images of a template after filling of the pores (sol heated td C5@r 1h 50 min)
and after heating to 700C for 5 hours in air. a) Top view. b) Cross-sectional view.

magnetization vs . temperature at low T for all measured samples. Mandal et al. [6]
showed that ferrite nanopatrticles exhibit an upturn in saturation magnetization at low
temperature. This effect was reportedly caused by the quantization of the spin-wave
spectrum due to the finite size of the particles. We have not measured the saturation
magnetization of our samples. However, our observation does confirm that our filled
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Figure A.8 — Magnetic properties of LCMO material inside the pores and on top of the alumina,
which were filled and heated according to the recipe stated in section A.3.1. Top: template filled with
1h 50 min heated sol. Bottom: template filled with 1h 30 min heated sol. M vs. T was measured in B =
0.1TandMvs.BatT=10K.

templates contain LCMO nanopatrticles.

A.3.3 Custom anodized alumina template

The pores and walls of the commercial template are quite disordered. This could re-
sultin nucleation at the pore walls leading to very polycrystalline nanowires. We only

managed to fabricate nanoparticles but no nanowires in the commercial template.
Therefore, we tried to use anodized alumina templates which have a self-ordered
hexagonal pore structure. These templates (see Fig. A.3) have straight pores with
smooth walls throughout the template. Furthermore, the somewhat larger pore size
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could improve the filling fraction. In this section we show the SEM results (see Fig.
A.9) on one sample starting with the stoichiometric solution mentioned in section
A.3.1. Although the surface was wiped clean after the filling of the template, bub-

Figure A.9 — SEM images of a template after filling of the pores (sol heated to°Tér 1h) and
after heating to 600C for 5 hours in air. a) Top view. b) Cross-sectional view.

bles of material are observed on top. Apparently, during the calcination process sol
is pushed out of the pores. From the cross-sectional view we do observe formation
of a continuous structure, which is;2n long. However, despite the applied pres-
sure difference during filling, the filling fraction of the pores is still poor. Possibly,
the pores do get filled initially, but the sol is pushed out upon calcination. Perhaps,
the confinement that the template imposes on the sol (nanowires) and the different
thermal expansion coefficients of the system interfere with nanowire growth. We did
perform magnetization measurements on these templates with the field directed along
the pores. Fig. A.10 shows the magnetic properties for two templates. The measure-
ments include both the material which is in the pores as well as the material on top
of the template (see Fig. A.9a). The difference between the samples is the heating
time before filling the template. The sample shown in the top panel was heated for
1h while the one in the bottom panel was heated for 1h 30 min. For the first sam-
ple, although we did find some continuous structures in the template (Fig. A.9b),
the magnetic properties do not show ferromagnetic behavior. However, the second
sample, which only showed nanoparticles in the template, did show clear ferromag-
netic behavior with a & of 255 K, close to that of bulk LCMO and the low T upturn.
Apparently, the heating time of the sol before filling is not only important to control
the viscosity of the solution but also changes the solid content of the sol which might
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Figure A.10 — Magnetic properties of two templates, which were filled according to the recipe given
in section A.3.1. Heating times of the sol before filling were different. The measurement includes
material in the pores as well as on top of the template. Top: template filled with 1h heated sol. Bottom:

template filled with 1h 30 min heated sol. Furthermore, the calcination of these templates was done at
600°C for5h. Mvs. Twas measuredinB=0.1TandMvs. BatT=10K.

influence the magnetic properties.

A.3.4 Polycarbonate template

The confinement of the sol during calcination might hamper the formation of nanowires
of the correct phase. Therefore, we tried to use polycarbonate templates as well (see
also ref. [7]). Since this template is flexible it is supported by placing it on a Si sub-
strate during the calcination process. The template disintegrates already in the low
temperature stage (¥ 140°C) of the calcination process. This means that when
the correct LCMO phase is formed the template is no longer present and cannot in-
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duce any confinement. The disadvantage is that after growth the nanowires cannot be
aligned for magnetization measurements. For this template we started by preparing a
stoichiometric solution of 2.1M (as in ref. [7]) with the following composition of the

sol,

e La(NG3)3=4.33¢gr

Mn(NOQO3), = 2.68 gr

Ca(NG), =0.82 gr

HO =7 ml

ethylene glycol =7 ml

This sol was only heated at 13C for 15 min . The filling is done by simply em-
mersing the template in the sol, no pressure difference is required to pull the sol into
the pores. The filled template was heated to 80dor 5 h in air to fully burn away

the template. In Fig. A.11 we show one of the SEM images which were obtained
on this sample after the calcination process. In this SEM image we can clearly see
LCMO nanowires. The wires have varying diameters between 50 nmm &nd

length up to 5um. Although with this process we cannot control nanowire diameter
and the directional alignment of the wires, it was the only attempt which resulted in
continuous LCMO wires. From this it seems possible that confinement of the sol
during the calcination process is detrimental for nanowire fabrication. We have also
repeated this process but now performing the calcination process in flowingnO

Fig. A.12 we show a SEM image of this sample after calcination and the correspond-
ing magnetic properties as well as a magnetization vs. temperature measurement for
the sample from Fig. A.11. Although we were unable to observe nanowires in the
sample calcinated in oxygen (see Fig. A.12a) the sample does show enhanced ferro-
magnetism compared to the sample which was calcinated in air. This growth process
should be reproduced and refined in the future. Initial attempts to manipulate a single
wire using a nanomanipulator did not succeed. Future experiments are required to
place a single wire on a set of predefined Au-contacts for transport measurements of
single LCMO wires.
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Figure A.11 — SEM image of nanowires (sol heated to T&Dfor 15 min) after heating the filled PCB
template to 800C for 5 hours in air.
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Figure A.12 — a) SEM image of the PCB template filled with 2.1M sol after calcination. b) Magneti-
zation vs. temperature of PCB template filled with 2.1M sol after calcination in air. ¢) and d): Magnetic
properties of PCB template filled with 2.1M sol after calcination in flowing ® vs. T is measured in
B=0.1TandMvs. Bis measured at T =100 K.
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A.4 Discussion

The first point to make is that we have not been able to reproduce the results of ref.
[1] for the case of LCMO. In this chapter we have shown that growing complex oxide
nanowires using a template assisted sol-gel process is difficult. There are several pro-
cess parameters which are critical for successful growth. The solution should have
the correct stoichiometry and a minimal solid content to form continuous structures
during calcination. A correct choice of template is absolutely critical. In the case of
anodized alumina, previously reported to be successfully used in LSMO and LCMO
nanowire growth, we observe two problems which are detrimental to the growth pro-
cess. First, it is very difficult to get proper filling of the pores with the sol. This
appears to be independent of sol viscosity. Even the unheated sol, with viscosity
slightly higher than water, can only be inserted into the pores if a pressure difference
is applied. Apparently, the template is not very hydrophillic, which results in poor
filling fraction. The second problem is the confinement of the sol during calcination.
The alumina do not disintegrate upon heating to higher temperatures. Therefore, the
material remains confined when the LCMO phase is formed. This confinement seems
to inhibit the growth of continuous structures in alumina templates. We have shown
that we can overcome these problems, by using a polycarbonate template which re-
sulted (for one attempt) in successfully grown LCMO nanowires. For this template
filling is easily achieved by putting the template in the solution. Apparently, the loss
of the template at an early stage of the calcination process happens after the wires
are sufficiently formed. The disadvantage of using the PCB template is the lack of
control in wire diameter and directional alignment, which is advantageous for char-
acterization of the magnetic properties. However, with this template an additional
process step which involves the dissolving of the membrane to extract the nanowires
can be omitted.

A.5 Conclusion

We have presented a recipe for a sol-gel template assisted growth process for LCMO
nanowires. We have provided results and discussions for various possible templates;
we have shown that the PCB template is the most suitable for this process. The next
step would be to do a more elaborate characterization of the wires using technigues
such as transmission electron microscopy. Furthermore, a single LCMO wire can be

positioned on predefined Au-contacts for transport measurements. Here we note that
transport measurements of such wires are not straightforward because of their high
resistivity.
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Samenvatting

Overgangsmetaal oxiden met de perovskietstructuur laten een grote variatie in fy-
sische eigenschappen zien. Dit hangt direct samen met de sterke koppeling van de
elektronen met het onderliggende rooster, en met de sterke correlaties tussen de elek-
tronen. Het optreden van supergeleiding, magnetisme en ferroelektriciteit in dit type
materialen maakt dat ze aantrekkelijk zijn voor fundamenteel onderzoek, maar dat
ook over toepassingen gedacht kan worden. De doping-geinduceerde metaal-isolator
overgang in (La,Ca)Mn@kan bijvoorbeeld leiden tot gevoeligheid voor elektrische
velden zoals in veldeffect transistoren. Tot op heden bestaan dergelijke transistoren
uit silicium en er is noodzaak om steeds meer transistoren op een chip te kunnen
plaatsen. De halfgeleider microstructuren dreigen hun intrinsieke fysische limiet te
bereiken, met name wat betreft de lengte van het kanaal tussen de stroomcontacten.
Om de dichtheid op chips dan te verhogen moet er gekeken worden naar andere
materialen die over de juiste functionaliteit beschikken voor gebruik in veldeffect
transistoren. Kandidaten hiervoor zijn de overgangsmetaal oxiden.

Dit proefschrift beschrijft de karakterisatie vanlg@Cay 33MnO3 (LCMO) dunne
films en microstructuren om een beter begrip van de fysica in kleine geoéretrie
te verkrijgen, maar ook om de functionaliteit te onderzoeken voor mogelijke ap-
plicaties. Hoofdstuk 2 beschrijft de eigenschappen van het materiaal LCMO. Er
wordt achtergrond informatie verstrekt over het uitgangsmateriaal LaMmChoe
de eigenschappen (zoals kristalstructuur en geleiding) veranderen door het toevoe-
gen van Ca-ionen. Het materiaal LCMO heeft als belangrijke eigenschap dat het
een (bijna eerste orde) metaal-isolator (M-1) overgang laat zien die gekoppeld is aan
een ferromagnetische-paramagnetische overgatmpfdstuk 3 beschrijft de tech-
nieken die gebruikt zijn voor het groeien van de dunne films en de fabricage van de
microstructuren. De beschreven films zijn gegroeid op SfT®IO) en NdGa@
(NGO) substraten zodat de effecten onderzocht kunnen worden die veroorzaakt wor-
den door substraat-geinduceerde strain (rooster mismatch tussen film en substraat).
Tevens worden er films gepresenteerd die op 'gestapt’ STO gegroeid zijn, zodat het
effect van atomaire stapranden op het substraatoppervliak onderzocht kan worden.
Dit hoofdstuk beslaat ook verscheidene karakterisatie technieken en de bijbehorende
resultaten, zoals het bepalen van de oppervlakte ruwheid van de films d.m.v. kracht-
microscopie, het bepalen van de dikte do@nRyen diffractie, het bepalen van de
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roosterparameters van het kristal en het bepalen van de compositie en Mn valentie
profielen van de film. Als laatste wordt hier een probleem beschreven dat optreedt in
het fabricage proces van microstructuren op STO substraten met behulp van ionen-
etsen; na het oplossen hiervan kunnen de geleidingseigenschappen van de LCMO mi-
crostructuren op een betrouwbare manier bestudeerd worden. De karakterisatie wordt
in Hoofdstuk 4 uitgebreid met de magnetotransport eigenschappen van de ongestruc-
tureerde dunne films. Dit leidt tot een directe correlatie van een waargenomen reduc-
tie in de Mn valentie aan het film-substraat opperviak met een tekort aan magnetisch
moment in de film (i.e. de film bevat een magnetisch 'dode’ laag). Verder veran-
deren de eigenschappen van de film sterk met de filmdikte, en door gebruik van de
verschillende substraten. Dit is voornamelijk zichtbaar in de dikte afhankelijkheid
van de temperatuur (f;) waarbij de M-I fase overgang optreedt. Een gereduceerde
filmdikte leidt tot een lagere waarde vool,T; dit effect wordt toegeschreven aan
strain. De aanwezigheid van stapranden leidt echter tot relatieve verhogingyan T

en wordt toegeschreven aan een toename van wanorde (puntdefecten) in de film. In
Hoofdstukken 5 en 6worden respectievelijk de transport eigenschappen en de veld-
effecten van LCMO microstructuren bestudeerd. De waarnemingen leiden tot een
scenario wat verschillende stadia van de elektronenstructuur beschrijft als functie
van temperatuur. Bij lage temperaturen (ver ondgf; is het materiaal een metaal

met inhomogeniteiten. Ver bovenyl; gedraagt het materiaal zich als halfgeleider

en laat temperatuur-geactiveerd gedrag zien. In de faseovergang wordt echter sterk
niet-linear gedrag gevonden in de stroom-spanning (I-V) karakteristieken, en treden
er sterke veldeffecten op. De niet-lineariteiten, net ondgi,Tworden verklaard

door het vormen van een gecorreleerde elektronglas fase. Het 'smelten’ van de deze
(homogene) fase leidt tot een toename van de geleiding van de microbrug met toen-
emende stroomdichtheid. De oorzaak van de waargenomen veldeffecten, bij lage
temperatuur of in de overgang, is echter een andere, en hangt eerder samen met de
aanwezigheid van inhomogeniteiten in de microbrug. De geleiding wordt beinvioed
door het electrisch veld als de overgang van metaal naar isolator inzet, maar verdwijnt
weer als de homogene glas fase gevormd wordtldafdstuk 7 worden de belangri-

jkste observaties en conclusies samengevat en met elkaar gecorreleerd. Een nadeel
van het materiaal LCMO is dat al deze sterke effecten ver beneden kamertemper-
atuur optreden. In de literatuur wordt beschreven dat LCMO nanodraden een hogere
Ty hebben, zelfs boven kamtertemperatuur. IMAgeendix onderzoeken we een
nanodraden fabricage proces, maar komen tot de conclusie dat de claims prematuur
zijn.



Summary

Transition metal oxides with the perovskite structure show a wide variety of physical
properties. This is correlated with the strong coupling between the electrons and the
crystal lattice, and with the strong correlations between the electrons. The occurrence
of superconductivity, magnetism and ferroelectricity in this type of material makes
them attractive for fundamental research but also allows to consider applications.
The doping-induced metal-insulator transition in (La,Ca)Mm@n for instance lead

to sensitivity to electric fields, as in field effect transistors. Until now such transistors
consist of silicon and there is the necessity to keep increasing the density of transis-
tors on a chip. However, the semiconductor microstructures (in particular length of
channel between the current contacts) are approaching their intrinsic physical limit.
Therefore, further increase of the circuit density requires the consideration of other
channel and gate-oxide materials, such as transition metal oxides.

This thesis describes the characterization of dz&a.33MnO3 (LCMO) thin
films and microstructures to better understand the physics in small geometries, but
also to investigate functionality for future application€hapter 2 describes the
properties of the material LCMO. Background information is provided on the par-
ent material LaMn@, and the influence of Ca-doping on properties such as crys-
tal structure and conductivity is discussed. The material LCMO has the important
property that it shows an almost first order metal-insulator (M-I) transition which is
coupled to a ferromagnetic-paramagnetic transitiGhapter 3 describes the tech-
niques used for the thin film growth and microstructure fabrication. The films are
grown on SrTiQ (STO) and NdGa©@ (NGO) substrates which allows investigation
of the effect of epitaxial strain (lattice mismatch between film and substrate). Fur-
thermore, films are presented which are grown on misoriented STO substrates to
investigate the influence of unit-cell high steps on the substrate surface. This chapter
also describes the several characterization techniques and corresponding results such
as the determination of film roughness with atomic force microscopy, the use of X-
ray diffraction to determine thickness and lattice parameters and the determination of
composition and Mn valence profiles across the films. Lastly, a problem which oc-
curs during microstructure fabrication by ion-etching on STO subtrates is discussed.
After solving this problem the transport properties of LCMO microstructures can be
studied in a reliable way. The characterization is extende@hapter 4 to include
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the magnetotransport properties of unstructured LCMO thin films. This leads to a
direct correlation between an observed reduction in Mn valence at the substrate-film
interface and a lack of magnetic moment in the films (i.e. the film contains a mag-
netically 'dead’ layer). Also, the film properties are both sensitive to film thickness
and to the substrate used. This is mainly visible in the thickness dependence of the
temperature (1;;) at which the M-I phase transition occurs. A reduced film thick-
ness leads to a lower value fof,T; this effect is associated with epitaxial strain. The
presence of step edges on the STO surface leads to a relative increage afid is
attributed to an increased amount of disorder (point defects) in the fil@hépters

5 and 6the transport properties and electric field effects of LCMO microstructures
are investigated. The observations lead to a scenario in which the different stages of
the electronic structure are described as function of temperature. At low tempera-
ture (far below T;7) the material is a metal with inhomogeneities. Far aboyg T

the material behaves as a semiconductor and shows activated behavior. However, in
the phase transition strongly nonlinear behavior is found in the current-voltage (I-V)
characteristics and strong field effects appear. The nonlinearities, just bgjow T

are associated with the formation of a correlated electron glass phase. The 'melting’
of this (homogeneous) phase leads to an increased conductivity of the microbridge
when the current density is increased. However, the cause for the observed field
effects in LCMO, both at low temperature and in the transition, is different, and is
attributed to the presence of inhomogeneities in the microbridge. The conductance is
influenced by the electric field when the transition from metal to insulator starts, but
disappears when the homogeneous glass phase is formé&halster 7 the major
findings and conclusions are summarized and interconnected. A disadvantage of the
material LCMO is that the strong effects occur well below room temperature. In lit-
erature experiments are described in which LCMO nanowires show increased values
for Tys7, even above room temperature. In #ygpendix we investigate a nanowire
fabrication process, however, we conclude that these claims are premature.
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