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Abstract

In this work we present a feasibility study of epitaxial growth of thin films of stron-

tium cobaltite, SrCoO3−δ. The properties of strontium doped lanthanum cobaltite,

La1−xSrxCoO3, have been widely studied for dopant concentration x ≤ 0.5, but little

work has been performed on the x = 1 member of the series. The main issue is that this

is not a thermodynamically preferable state and close to stochiometric SrCoO3 in poly-

crystalline samples can only be obtained under high pressures of oxygen (> 10kbar) or by

electrochemical oxidation. However, theoretical calculations predict a phase change with

respect to strain in epitaxially grown samples, from ferromagnetic-metallic behaviour

in the bulk state to insulating-ferroelectric-antiferromagnetic behaviour for strongly

strained films. This provides strong motivation for epitaxial growth of SrCoO3−δ films.

In this work we will present a feasibility study by using the methods of high-pressure

oxygen sputtering (typically 1.0 − 4.0mbar) on SrT iO3(001) and LaAlO3(001) sub-

strates. As anticipated, the presence of oxygen vacancies is a severe problem, but also

epitaxial stabilization of non-cubic phases, an unexpected issue, arises. These are found

to grow in multiple orientations. Overall, the samples exhibit only weak or no ferro-

magnetism, even though bulk SrCoO3 is known to be a strong ferromagnet. Based on

the results, we present an outline for suggested further research on this topic.
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Chapter 1

Introduction

The perovskite crystal structure has been known for many years. It is named after the

mineral perovskite CaTiO3, which was thought to have a cubic unit cell with calcium

ions at the corners, titanium in the body center and oxygen ions at all face centers.

Later, it was found that CaTiO3 is orthorhombically distorted, but still the simple

cubic structure retained its name [1]. It was shown that most metal-oxide compounds

with the chemical formula ABO3, where A and B are metal cations, obtain the gen-

eral perovskite structure, most of them with some sort of structural distortions. Only

very few have the ideal cubic structure at room temperature, but many assume it at

elevated temperatures. It is thought that from the 670km seismic discontinuity to the

core-mantle boundary of our planet a perovskite-type mineral, MgSiO3, accounts for

50−90% of the volume of that region [2]. Scientific interest in this structure stems from

the various properties of its representatives, and was further stimulated when the first

doped perovskite structures were synthesized. These are structures in which a fraction

of one of the cations are replaced by a different cation, i.e. the chemical formula is

then A1−xA
′
xBO3 or AB1−xB

′
xO3. The properties range from ferromagnetic metallic

behavior to ferroelectric insulators, colossal magnetoresistance (CMR) materials to su-

perconductors.

This project focuses on one representative of the perovskite class; strontium cobaltite

SrCoO3. The stochiometric compound has the ideal cubic structure at room tem-

perature, but so far the synthesis procedures yielded oxygen deficient compounds. In

chapter 2 the properties of different phases of strontium cobaltite will be described,
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as well as predictions from theoretical calculations about the effects of epitaxial strain

on the properties. The ideal cubic structure is ferromagnetic and metallic, but ap-

plied strain has been predicted to change this to an insulating antiferromagnet with

ferroelectric behaviour. Investigation of this transition is the motivation for our work.

Chapter 3 presents the methods used to grow thin films and investigate their proper-

ties. The growth was done with the high-pressure oxygen sputtering technique, and the

obtained samples were investigated with atomic force microscopy, X-ray diffraction and

SQUID magnetometry. Chapter 4 presents the results from synthesizing polycrystalline

SrCoO3−δ, which was used for sintering a target for the sputtering process. Chapter 5

discusses the results of growing thin films. The main difficulties are the presence of oxy-

gen vacancies and the epitaxial stabilization of non-cubic phases. Overall, only weak

ferromagnetism or non-ferromagnetic behaviour could be observed. The last chapter

will give possibilities on how to proceed with this topic.



Chapter 2

Background

In this section we will discuss the basic properties of perovskites, as well as the specific

known properties of strontium cobaltite SrCoO3 and related stable compounds, which

are mainly oxygen-deficient phases SrCoO3−δ.

2.1 The Perovskite Structure and its Derivatives

Perovskites are named after the mineral perovskite, CaTiO3, which actually later was

found not to exhibit the perfect perovskite sturucture but is instead orthorhombically

distorted [1]. Perovskites have the chemical formula ABO3, where A and B are metal

cations with total valency +6. In the ideal case the unit cell is cubic, with the A

cations sitting at the corners of the unit cell, the B cation being in the body center

and oxygen ions being at the face-centers (see figure 2.1). Thus perovskite belongs

to the crystallographic space group Pm3̄m [3]. In general the A cation has a larger

atomic radius than the B cation and a lower or equal valency. Possible valency states

for undoped perovskites therefore are A1+B5+O2−
3 , A2+B4+O2−

3 and A3+B3+O2−
3 . In

this work the main focus will be on strontium cobaltite SrCoO3, in which strontium

is in a valence state +2 and cobalt is nominally in +4 [4]. An important factor for

determining whether a structure is a cubic perovskite or distorted is the Goldschmidt

3
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Figure 2.1: The unit cell of the cubic perovskite structure ABO3. The A cations at the
corners are represented in green, the B cation in the body center in red and the oxygen
ions are drawn in light blue. The oxygens are coordinated around the B cation in an
octahedral shape, as depicted in blue.

tolerance factor t, defined as:

t =
RA +RO√
2(RB +RO)

, (2.1)

where RA and RB are the respective cation radii in this co-ordination and RO is the

radius of an oxygen ion. It is simple to check that in a perfect cubic geometry the tol-

erance factor should equal 1, but for typical ionic sizes the tolerance factor is between

0.89 ≤ t ≤ 1.02 [3]. Goldschmidt showed in 1926 that an undistorted cubic cell is stable

for 0.8 < t < 0.9 [1], where newer sources report distortions for t < 1 (e.g. [5]). These

distortions originate from internal strain, which is a result of the lattice mismatch. Pos-

sible distortions stem from co-operative distortions of the BO6 octahedra (figure 2.1),

which can lead to rhombohedral, orthorhombic, tetragonal or monoclinic unit cells [3].

In all cases it is meaningful to define a pseudo-cubic unit cell by basically neglecting all

distortions and evaluating an average lattice parameter for one basic cubic cell. Possible
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distortions in the special case of strontium cobaltite will be further discussed in section

2.2.1.

Further possibilities for different perovskite-type compounds stem from having different

cations at lattice sites which, in the basic cubic lattice, are equivalent. This field was

opened by a thesis project of F. Galasso in the late 1950’s [1, 6]. First only the effects

of substituting cations on the B site were investigated, but soon also for A cations.

Crucial in this study are the different valency numbers of those cations, where doping

on one site also leads to a change in the valency number of the cations in the other site.

An example, the compound studied in this work is strontium cobaltite, Sr2+Co4+O3.

This can also be seen as the x = 1 member of the series La1−xSrxCoO3. Lanthanum

usually is in a valence state of +3, while strontium is in +2, leading to cobalt having

an average valency of +(3 + x) [5]. The different valence states of cobalt in strontium

cobaltite SrCoO3−δ are further discussed in the following section.

2.2 Properties of Strontium Cobaltite

In the early stages of research on doped perovskites, results have been reported on

La1−xSrxCoO3 at high levels of doping, 0.5 < x < 1 [4], but later the field turned

more to investigate the properties at lower doping, 0 < x < 0.5 [5, 8, 9, 10], due to the

presence of spin-state transitions and magnetic phase separation. In the ground state

all cobalt ions in LaCoO3 are in the low-spin (LS) configuration (see figure 2.2) [8, 11],

but get thermally excited to intermediate (IS) and high-spin (HS) states. Introducing

strontium cations for lanthanum causes a spin-state transition, and in the doping range

of 0.2 < x < 0.7 the IS state is more stable for both Co3+ and Co4+ cations, so IS is the

ground state and is also stable with respect to changes in temperature [5]. Furthermore,

for increased average valency of the cobalt cations, there is an increase in conductivity

and ferromagnetism. In the perovskite structure there are no neighboring cobalt-ions,

but they are connected via oxygen ions which allow for the double exchange mechanism

to set in for cobalt ions with different valency. In this work the x = 1 member of this

series shall be investigated, especially the effects for epitaxially grown thin-film samples.

This research was stimulated by theoretical predictions that there is a metal-insulator
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transition caused by strain effects [12], which will be discussed in section 2.2.2.

Figure 2.2: Possible spin configurations of the cobalt cations Co3+ and Co4+, in low
spin (LS), intermediate spin (IS) and high spin (HS) state. The energetic lower levels
mark the t2g levels, the higher ones the e2g levels.

2.2.1 Bulk Strontium Cobaltite

A lot of research has been performed on the structural properties of strontium cobaltite,

and many different compounds have been identified. The main common feature of

those is cation stochiometry, but the compounds being oxygen deficient. Therefore

we write SrCoO3−δ, where δ denotes the average oxygen deficiency per formula unit.

The main reason for the presence of oxygen vacancies lies in the valency of the cobalt

ion. In fully stochiometric perovskite all cobalt cations are in the +4 valence state.

But octahedrally coordinated Co4+ is not stable. This leads to different means to

accomodate oxygen deficiency, to lower the Co valence from 4. These shall be discussed

here individually. Figure 2.3 shows the existence regions of the different phases. For

many parts of the phase diagram, two or more different phases are present at the same

time. It is impossible to distinguish between these; neutron diffraction experiments

showed there are no superlattice reflections, so the phases coexist without long-range

ordering [14, 15].

The cubic perovskite, δ ≤ 0.125: Fully oxygenated strontium cobaltite SrCoO3

forms a cubic perovskite, with the space group Pm3̄m and a lattice parameter of 3.835Å
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Figure 2.3: Phase diagram for known structural transitions of strontium cobaltite with
changing oxygen content, where the observed Curie and Néel temperatures (TC and TN )
are marked with red dots and blue triangles, respectively. The dashed lines mark the
transitions between the different phases. Values taken from [4, 20, 21, 22, 23, 24, 25]

[26, 27]. Due to all cobalt cations being in the unpreferred +4 valence state, this phase

can not be obtained by basic solid state reactions at ambient pressure. Different methods

for forming strontium cobaltite with small oxygen deficiency were performed, including

annealing in high oxygen pressures at high temperatures [28, 29] or electrochemical

oxidation of SrCoO2.5 in the orthorhombic phase [14, 30]. Figure 2.1 shows the unit

cell, where the green atoms at the A site are strontium Sr2+ cations and the red atom at

the body center is the cobalt Co4+ cation. X-ray absorption spectroscopy and neutron

diffraction showed that the cubic structure is obtained for oxygen deficiencies δ ≤ 0.125,

i.e. for structures with the chemical formula SrCoO2.875 to SrCoO3 [14]. The perovskite

SrCoO3 is known to be conducting and a ferromagnet with a Curie temperature of
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TC ≈ 290K [27, 31]. This is a consequence of the Co4+ ions being in an IS state and

the subsequent double-exchange interaction.

The orthorhombic (brownmillerite) phase, δ = 0.5: At an oxygen content of

SrCoO2.5 strontium cobaltite is in an orthorhombically distorted phase, which shows

the same structure as the mineral brownmillerite Ca2Al2O5 [15, 33]. This structure is

derived from the cubic perovskite structure by removing a row of oxygen atoms along

the (110)-direction of the cubic perovskite cell (see figure 2.4).

This phase is obtained by reacting stochimetric amounts of strontium carbonate, SrCO3,

Figure 2.4: The orthorhombic brownmillerite structure: strontium cations are drawn in
green, cobalt in red and oxygen in light blue. There runs a line of oxygen vacancies along
the (110) direction of the cubic perovskite (into the page), which opens the octahedra
(blue) in every other layer and tetrahedra (pink) form.

and cobalt oxide, CoO or Co3O4 at temperatures above 800OC and atmospheric pres-

sure, and then quickly quenching the sample to liquid nitrogen at 77K. Perfect sto-

chiometry of SrCoO2.5 is reported for an annealing temperature of 910OC. At these high
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temperatures the compound is found to crystallize in a cubic structure without distor-

tions, so Grenier et al [33] propose that there the oxygen cations can hop freely between

lattice sites and the vacancies can not be localized anymore (comparable to mesomeric

structures in covalent double bonds). A quick quench preserves the overall structure,

but the vacancies can’t move freely anymore and after forming a regular pattern the

lengths of the individual bonds differ slightly. The dimensions of the orthorhombic unit

cell are 5.456Å ∗ 15.66Å ∗ 5.556Å ≈
√

2ac ∗ 4ac ∗
√

2ac, where ac = 3.90Å is the lattice

parameter of the pseudo-cubic unit cell. In this structure, all cobalt cations are in the

+3 valency state, which leads to antiferromagnetic ordering. The Néel temperature was

measured to be TN = 545K [33, 34]. This phase marks an outlier, since all other phases

with higher oxygen content are ferromagnetic, where the Curie temperature steadily

increases with higher Co4+ content (see figure 2.3).

The tetragonal phase at δ = 0.25: The structural changes of strontium cobaltite

SrCoO3−δ with electrochemical oxidation were investigated, taking the orthorhombic

brownmillerite-type structure of SrCoO2.5 as a starting point [14]. Another possibility

to obtain these structures is low-temperature annealing of brownmillerite strontium

cobaltite in oxygen [15]. Le Toquin et al [14] found that during the transition from

δ = 0.5 to δ = 0.25 there is coexistence of the two end point members of this series,

where at δ = 0.25 there is actually an intergrowth of two possible structures present,

without identifiable long-range ordering. One of these structures can be derived from

the brownmillerite structure, where for the rows of oxygen vacancies along the (110)

direction of the cubic perovskite every other oxygen vacancy is filled (see figure 2.5,

left). This structure ends up having the same size unit cell as the brownmillerite-type

structure, i.e. the lattice parameters are approximately
√

2ac ∗ 4ac ∗
√

2ac.

The second possible structure, depicted in figure 2.5 to the right, can not be directly

related to the brownmillerite structure. It can be derived from the proposed structure for

SrCoO2.875, and can be seen as a transition to the rhombohedral phase. In this structure

the oxygen vacancies lie along the cubic (100) direction, which means the octahedra

lose oxygens which were on opposing corners, so those degenerate to plane squares.

A detailled analysis found these structures to be tetragonal, with lattice parameters

10.862Å ∗ 10.862Å ∗ 7.666Å ≈ 2
√

2ac ∗ 2
√

2ac ∗ 2ac, where no superstructure reflections
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Figure 2.5: The two structures present in the compound SrCoO2.75. To the left is the
structure which can be obtained by filling every other vacancy in the brownmillerite
structure (cubic (100) direction is into the plane), to the right is the one obtained from
the structure for SrCoO2.875 (cubic (100) into the plane). Green stands for strontium
atoms, red for cobalt and light blue for oxygen. Drawn in blue are the octahedra, in
pink the octahedra which lost one oxygen atom and in yellow the squares which appear
by removing further oxygens.

could be observed. The authors therefore suggest that both structures are present at

a microscopic coherent level [14]. Furthermore they suggest that in the intermediate

region 0.5 ≤ δ ≤ 0.25 these two structures and the brownmillerite structure are all

present.

The tetragonal phase in the transition region 0.25 ≤ δ ≤ 0.125: Le Toquin et al

[14] propose that there is an additional intermediate ordered phase whose superstructure

reflections appear at 0.25 ≤ δ ≤ 0.125 and are strongest for a phase which is nominally

SrCoO2.82±0.07. The unit cell parameters of this phase were determined to be 10.865Å∗
10.865Å ∗ 7.662Å ≈ 2

√
2ac ∗ 2

√
2ac ∗ 2ac. The precise crystal structure is given in figure

2.6. For SrCoO2.875 there is a transition from tetragonal to cubic behavior.
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Figure 2.6: The ordered phase SrCoO2.82. Green balls are strontium atoms, red are
cobalt atoms and light blue oxygen. The octahedra (blue) break up and form square-
based pyramids (pink).

The rhombohedral phase: An outlier in this phase diagram marks the rhombohe-

dral phase, because all other phases are just oxygen-deficient and thus distorted per-

ovskites. This specific phase was indexed as the rhombohedral phase of SrCoO2.5

[33, 22] or as low-temperature phase and intergrowth of a cobalt-deficient strontium-

cobalt-oxide compound with elemental cobalt or binary cobalt-oxide CoO [15]. This

structure appears for compounds which are reacted in air at temperatures above 800OC

and then cooled slowly. Grenier et al report this compound to be antiferromagnetic

with a Néel temperature of 25K, which was measured by heating and slow-cooling a

compound of SrCoO2.5, initially in the brownmillerite structure, in inert atmosphere

[33]. They further conclude that cobalt in this compound is not in the high spin state.

Clarity on the precise structure of this phase was obtained by neutron diffraction in

1995. Harrison et al identified this phase as a compound of Sr6Co5O15 and the binary

cobalt-oxides Co3O4 and CoO [35]. The average valency of cobalt in Sr6Co5O15 is +3.6,

which is surprising because the preferred valence state of cobalt is +3. Another slight

ambiguity remains, since Grenier et al report this phase to appear after heating and



12

cooling of SrCoO2.5 in the orthorhombic brownmillerite structure in inert atmosphere,

where on the other side Sr6Co5O15 +CoO = 6 ∗SrCoO2.67, i.e. the sample would have

gained oxygen despite being in an argon atmosphere [33]. But this side aspect shall not

be discussed further.

2.2.2 Thin Film Predictions

An interesting question to ask is whether the properties of strontium cobaltite SrCoO3

will change when there is strain applied to the structure. J.H. Lee and K.M. Rabe come

to the interesting prediction that in the case of strain acting on the perovskite there will

be a metal-insulator transition [12]. Under relaxed conditions strontium cobaltite is fer-

romagnetic and metallic (FM-M), with ferromagnetic ordering below TC = 280−305K.

But epitaxial strain is predicted to cause a transition to an antiferromagnetic-insulating-

ferroelectric (AFM-I-FE) phase. The underlying calculations were performed using

density-functional theory.

Strontium cobaltite was identified as a suitable parent phase due to the large spin-

phonon coupling, and instability to changes in magnetic order of the lowest-frequency

polar phonon. Specifically, this instability occurs when changing from the ferromag-

netic ground state to the state with G-type antiferromagnetic ordering (i.e. all nearest

neighbor spins tend to anti-align), which is elevated in energy. In figure 2.7 the main

features are presented. Specifically, the calculations predict three transitions for dif-

ferent strain values, where strain is always considered to act in the xy-plane of the

cubic perovskite. The first transition occurs at compressive strain of −0.7%. This is

the transition with the most dramatic effects of all, since here the ferromagnetic metal

transforms to an antiferromagnetic insulator with a band gap of 0.23eV and ferroelec-

tricity in the z-direction. Also, the c-lattice parameter jumps up by 6.4% just at the

transition. The second transition happens at +2.0% tensile strain where the c-lattice

parameter increases slightly, but more importantly the magnetic ordering changes from

ferromagnetic to antiferromagnetic. Metallic conductivity is still preserved, but at the

third transition, at +3.2% tensile strain, SrCoO3 changes to insulating behavior. The

bandgap only increases gradually without the dramatic jump as for tensile strain, but

ferroelectricity is also induced, in this case along the (110)-direction of the perovskite.
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Figure 2.7: a) Computed ferroelectric polarization of SrCoO3. b) Band gap. c) c-lattice
parameter for the lowest energy structure at each strain value. Graph taken from [12].

These transitions allow for a wide tunability of the states and thus the properties of the

sample, by applying magnetic or electric fields. When comparing a ferromagnet and an

antiferromagnet with applied magnetic field, then the free energy of the ferromagnetic

state is lowered by ~M · ~H, and similarly an applied electric field can lower the free energy

of a ferroelectric with respect to the unpolarized case by ~P · ~E. Therefore, when close to

the critical value for strain, the transition could be triggered just by applying external

fields. For example, at compressive strain slightly above 0.7% the sample is insulating,

but could be driven to the ferromagnetic-metallic state by applying a magnetic field,

accompanied by a large change in lattice parameter. Especially notable is the possibil-

ity of turning a conductor into an insulator by application of an electric field. This is

possible for a structure at a value for compressive strain slightly below the critical strain

value. Since for compressive strain this transition is not smooth, but accompanied by

a jump in the band gap, this makes a fuse on the microscale - at a critical value of too

high voltage or current the sample becomes insulating.

The first-principles calculations were performed using density-functional theory within

the generalized gradient approximation GGA-U. The on-site Coulomb interaction was
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chosen to be U = 2.5eV and the on-site exchange interaction JH = 1.0eV for the lo-

calized d-electron states of cobalt (3d84s1). This choice gives values which are in good

agreement with the measured values on bulk samples of SrCoO3, for the lattice pa-

rameter 3.842Å (measured 3.835Å) and for the magnetization 2.6µB/f.u. (measured

2.5µB/f.u.). This moment corresponds to an intermediate spin state (t42ge
1
g). The au-

thors note that those results are limited in their validity, because simplifications and

assumptions had to be made. One aspect is the band gap of 0.23eV which opens at

compressive strain of −0.7%, for which the density functional calculation is assumed

to be a significant underestimate. A second aspect is the critical value for strain itself.

Lowering the estimate for U increases the required strain value, in the limiting case

U = 0 the critical values for strain move to ≈ ±4%.

These strain values could potentially be realized by epitaxially growing thin films on

substrates with appropriate difference in lattice parameter. Taking the measured lattice

parameter of 3.835Å for strontium cobaltite, a fully pseudomorphic epitaxially grown

sample on an SrLaGaO4 substrate, which has a lattice parameter of 3.843Å [36], would

exhibit only 0.2% tensile strain and thus be an almost fully relaxed sample in the ground

state. A substrate of LaAlO3 has a lattice parameter of 3.79Å [36] and therefore pro-

vides up to −1.2% compressive strain in fully strained films, which should be sufficient

to turn the sample into the antiferromagnetic-insulating-ferroelectric state. Strontium

titanate SrT iO3, which has a lattice parameter of 3.905Å [36], could turn an epitaxially

grown sample into a state with 1.8% tensile strain, which is close to the ferromagnet-

antiferromagnet transition in figure 2.7. GdScO3 as substrate results in a maximum of

3.2% of compressive strain, which is the predicted value of the metal-insulator transi-

tion. The first mentioned strain values are experimentally achievable, but as mentioned

before strontium cobaltite has a strong tendency to form oxygen vacancies, due to the

instability of the octahedrally coordinated Co4+ cations. Obtaining a small oxygen

deficiency is the main experimental challenge, since the Co4+ cations play the most

important role in the mentioned transitions. In this work we will present a study of

the feasibility of stabilizing strontium cobaltite on LaAlO3(001) and SrT iO3(001) sub-

strates.



Chapter 3

Experimental Methods

In this chapter we will describe the methods that were used for experimentation. The

project aims to obtain epitaxially grown thin film samples of SrCoO3−δ and to investi-

gate their properties. Here we will describe the steps towards obtaining those samples

and the methods of characterization.

3.1 Methods for Solid State Reactions of Cobaltites

The first step is to obtain stochiometric strontium cobaltite SrCoO3−δ in polycrystalline

form, because this is needed for sintering targets for the sputtering system. Here, the

conventional methods of solid state reaction were applied. The raw materials were

powders of strontium carbonate SrCO3 and cobalt oxide Co3O4 with particle size <

1µm and high purity, i.e. ’four nine’ purity grade. The reaction formula is:

SrCO3 +
1

3
Co3O4 +

(
2

3
− δ

2

)
O2 −→ SrCoO3−δ + CO2. (3.1)

To obtain the correct cation stochiometry, the raw materials need to be taken in a mass

ratio of 1.84 : 1 of SrCO3 : Co3O4. The ratio was controlled by a balance with an

accuracy of 0.1mg. After weighing the raw materials were mixed with the use of a ce-

ramic mortar and pestle. The initial grinding lasted for 2 hours, then the mixture was

reacted at 1000OC for 36 hours in atmospheric conditions, with one additional process

of intermediate grinding for about 30 minutes. In the end the powder was cooled inside

15
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the furnace.

The equation for the chemical reaction points out that excess oxygen from air needs to

participate in the reaction in order to react the carbon to carbon dioxide. In cobaltite

compounds strontium is in a Sr+2 valence state, oxygen is in the state O−2, so the aver-

age valence number of the cobalt cations is +(4− 2δ), that means the ratio Co+4/Co+3

is 1−2δ
2δ . In general the properties, structural as well as magnetic and electronic, of

strontium cobaltite depend largely on this ratio, and for the current experiment the

goal is to increase this ratio, since the desired product is fully oxygenated SrCoO3. An

approximate control of the oxygen content of the samples can be obtained by powder

X-ray diffraction, because the structural properties vary with increasing oxygen content

from orthorhombic to tetragonal and cubic (see section 2.2.1).

A careful grinding procedure ensures homogeneity of the mixture of the reactants, as

well as it decreases the average grain size of the powders. This is beneficial since it in-

creases the surface area, so oxygen from air that is needed can more easily be absorbed,

but it also decreases the average distance between the reacting cations. This is the most

important aspect in solid state reactions, since the reactants need to diffuse into one

another. The diffusion rate is described by Fick’s law [37]. The one-dimensional case is

C(x, t) = C0 erf

(
x

2
√
Dt

)
, (3.2)

where C(x, t) is the concentration at a point x after time t, C0 is the initial concentration

at x = 0 and D is the diffusion coefficient, which is given by

D = D0 exp

(
−Ed
RT

)
, (3.3)

where R = 8.4J/K/mol is the molar gas constant, Ed is the activation energy of dif-

fusion and D0 is a constant specific for the material. The parameters which influence

the diffusion length and can be externally controlled are the reaction time t and the

temperature T , where the latter has the strongest impact. Therefore, to increase the

diffusion length the reaction is carried out at high temperatures. But previous studies

showed that the oxygen content in the samples decreases with increase of reaction tem-

perature. Performing the synthesis at 1000OC, with a reaction time of 36 hours and

one intermediate grinding process proved to produce good polycrystalline samples.



17

3.2 Epitaxial Film Growth with High Pressure Oxygen

Sputtering

There are several techniques widely applied to the deposition of thin films. The most

common ones are molecular beam epitaxy (MBE), pulsed laser deposition (PLD) and

sputtering. In MBE the desired film material is evaporated in small furnaces, while in

the two latter there is a target present which is a polycrystalline disk of the desired

material. In PLD excitation happens by vaporizing small volume elements of the target

with an energetic, short laser pulse. The disadvantage of PLD is that the target ma-

terial usually is not vaporized as single atoms, but in form of macroparticles [39]. The

sputtering technique is a glow-discharge technology, here the atmosphere around the

target is ionized so that highly energetic particles sputter atoms from the target and a

plasma forms around it. In our experiments we used the sputtering technique to obtain

thin films of SrCoO3−δ. The main expected difficulty is the presence of oxygen vacan-

cies, so we decided to use the high oxygen pressure sputtering technique, to reduce the

oxygen deficiency δ as much as possible. In many sputtering techniques a reactant gas

is introduced, e.g. argon, to form the plasma, while in high oxygen pressure sputtering

the atmosphere is composed of high purity oxygen. In sputtering the target material is

volatilized stochiometrically and uniform deposition can be achieved in many systems,

including La1−xSrxCoO3 for x ≤ 0.5 [40, 41]. Here the x = 1 member of this series is

under investigation, so we chose to apply the same technique.

The experiments were performed on a High Pressure Oxygen Sputtering System, as de-

signed by the Forschungszentrum Jülich GmbH [38]. Our target of strontium cobaltite,

which is in the rhombohedral phase, has an approximate cross-resistance (measured

between the two planes) of 1kΩ, so the RF-sputtering technique was chosen. In this

technique there is an AC voltage applied to the target, which oscillates in the radio-

frequency regime. The schematic setup and a picture of the actual plasma are shown

in figure 3.1.

The target is a sintered polycrystalline disk of the raw material that shall be deposited

on the substrates. The chamber is first pumped to vacuum (< 5 · 10−6mbar) and then

vented with high purity oxygen, usually at pressures around 1.0−4.0mbar. When apply-

ing power to the target oxygen near the target surface gets ionized, those ions bombard
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Figure 3.1: Photograph of the oxygen sputtering system and schematic setup. The
substrates are heated and the target is suspended over it such that the plasma plume
barely approaches the substrates.

the target and sputter atoms from it. These form, together with the oxygen, an ionized

plasma. The highest flux of sputtered atoms from the target is in the perpendicular

direction, so the substrates are placed opposite of the target so that the visible plasma

plume barely approaches the substrates. Further away from the target the flux of atoms

is largely reduced and thus the deposition rate drops, while inside the plasma there are

many highly energetic ions present which remove atoms from the substrate or the film,

an effect called resputtering. Every atom that arrives at the surface first gets adsorbed,

then it usually diffuses some distance before becoming incorporated into the film by

chemical reactions. To enable diffusion, and these reactions, the substrates are kept at

elevated temperatures, usually around 600− 900OC. A critical point in this procedure

is the crystallization temperature. This is the minimum temperature required for the

substrates so that the cations from the plasma can actually properly crystallize on the

surface; below this critical value no crystallization happens and the film forms in an

amorphous phase.

Before starting the sputtering procedure the substrates were heated to 900OC in 1.0mbar

oxygen at a rate of 20OC/min and then kept at this elevated temperature for 15 minutes.

With this procedure possible contaminations from organic compounds or dust oxidize

to volatile gases and continuous pumping removes those, to leave a clean surface. After

this, the substrate temperature was lowered to the desired value, and then the oxygen

pressure was adjusted. As described above, keeping a proper distance between target

and substrate is crucial to ensure a stable rate of deposition, and to reduce the amount
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of resputtering. The position of the heater can be externally adjusted with a set-screw.

With the use of a caliper we ensured that the position of this was constant between

trials. An estimate from the given photograph (figure 3.1), by knowing that the target

has a diameter of 46mm, evaluates the distance to 12mm.

In this system several parameters can be controlled individually. These are the tem-

perature of the substrates, the power applied to the target, and the pressure of oxygen

during the growth. The latter two also change the size of the plasma plume, so it is

important to keep the substrate heater at a proper height, as described before. Further-

more the cooling procedure can be changed. For most cases we vented the chamber to

800mbar oxygen and then let the samples cool, but cooling in vacuum or post-growth

treatment in oxygen were also applied. The results of the different procedures will be

discussed later.

3.3 Structural Analysis using X-Ray Diffraction

Structural properties were investigated by the methods of X-ray diffraction. X-rays are

electromagnetic waves, like visible light, but with wavelengths of 0.1−10nm. Structures

can only be investigated with diffraction by radiation with a wavelength that is of the

same order of magnitude as the microscopic lengthscale of the structure, so X-rays pro-

vide an excellent source to investigate crystal structures which have lattice parameters

of a few Angstrom. The most commonly used wavelength, which also was used for our

experiments, is the Copper Kα1-line with λ = 1.54056Å. These measurements were

performed at the College of Science and Engineering Characterization Facility at the

University of Minnesota. For polycrystalline samples the Siemens D5005 was used, while

epitaxially grown thin films were measured on the Panalytical X’Pert Pro MRD system.

3.3.1 Determining Phase Composition of Polycrystalline Samples us-

ing Powder Wide Angle X-Ray Diffraction (WAXRD)

To measure polycrystalline powder samples on the Siemens D5005 diffractiometer, a

target holder with a small well was used. The powder was filled into the well and leveled
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off with a glass slide, to ensure a flat surface and thus the same angle of incidence of the

X-ray beam on the entire surface. The measurement was performed in the θ−2θ mode,

which means the angle between incident beam and sample surface is exactly half the

value of the angle between the incident beam and the detector. Therefore only reflected

rays are measured, where the intensity shows an interference pattern which comes from

scattering of different lattice planes. This can be explained by Bragg’s Law:

2d sin θ = nλ, (3.4)

where d is the distance between two lattice planes, θ the angle of incidence of the X-ray

beam, λ the wavelength and n an integer. The penetration depth of X-rays usually

is a few micrometer, so with a characteristic distance between the lattice planes of a

few Angstrom interference occurs for reflections from about 10000 lattice planes. This

defines the minimum peak width in the pattern, the more lattice planes are contributing

to interference, the sharper are the peaks. Also, for polycrystalline samples with a

smaller grain size the peaks are broadened due to less lattice planes being present. In

Williamson-Hall analysis [42], the broadening of the peaks caused by finite particle size

can be quantified to be

Bsize =
0.9λ

t cos θ
, (3.5)

where t is the particle size. Additional broadening happens due to microstrain. This

contribution was found to be

Bstrain = 2
∆d

d
tan θ, (3.6)

where ∆d
d is the microstrain. Summing these two contributions gives the total broaden-

ing, and multiplying by cos θ yields

B cos θ =
0.9λ

t
+ 2

∆d

d
sin θ. (3.7)

This equation shows that by plotting B cos θ versus sin θ one can find the particle size

t and the microstrain ∆d
d independently. This is called a Williamson Hall plot.

In a polycrystalline sample, the orientation of the individual grains is statistically dis-

tributed, so all possible lattice directions can be found normal to the surface. Thus the

distance between the planes where the crystal structure repeats itself is different for all

particles. Therefore a typical interference pattern, intensity measured against the angle



21

2θ, shows maxima from all possible crystal orientations. This pattern allows us to draw

conclusions about the crystal structure and to assign (h k l) values to the peaks. Then

the position of the peaks can be used to calculate the lattice parameters. In this work

the orthorhombic structure is of special importance. Here the difference between the

planes d relates to the lattice parameters a, b, c by

a2

h2
+
b2

k2
+
c2

l2
= d2 =

n2λ2

4 sin2 θ
. (3.8)

The tetragonal and the cubic case can be derived from this equation by setting a = b

or a = b = c, respectively.

The second important structure in this work is the rhombohedral crystal structure. A

rhombohedral unit cell can uniquely be transformed into a hexagonal unit cell, and

vice versa. It is easier to index the peaks and calculate the lattice parameter for the

hexagonal unit cell, due to the 60O and 90O degree angles. The lattice parameters A

and C can be calculated using the relation

1

d2
=

4

3

(
H2 +HK +K2

A2

)
+
L2

C2
, (3.9)

where, to avoid ambiguity, A, C and (H K L) are written in upper case letters for

the hexagonal structure. The conversion to the rhombohedral (h k l) values gives h =
1
3(−2H + K + L), k = 1

3(H + K + L) and l = 1
3(H − 2K + L) [43], and the lattice

parameters convert to the rhombohedral lattice parameter a and the angle α in the

following way:

a =

√
1

9
(C2 + 3A2), α = cos−1

(
2C2 − 3A2

2C2 + 6A2

)
. (3.10)

These are the two main structures which were obtained and analyzed in polycrystalline

samples.

3.3.2 Measuring Lattice Parameters using High Resolution X-Ray

Diffraction (HRXRD)

The investigation of the out-of-plane lattice parameter of a thin film sample is similar to

the measurement of polycrystalline samples, but here only one crystallographic direction

is investigated, the direction perpendicular to the substrate plane. These measurements
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were performed with the high resolution X-ray diffractiometer at the Characterization

Facility, the Panalytical X’Pert MRD Pro system. The system allows to adjust the

sample orientation in all directions. Here we aligned it so that the diffracted beam

angle with respect to the sample surface was the same as the incident beam angle, and

performed the scan in θ − 2θ mode. That means this relation between incident and

refracted beam was not changed during the scan. The incident beam optics were set

up with a Ge (220) 4-bounce hybrid monochromator, which filtered the Copper Kα1

wavelength. An automated Ni 0.15mm beam attenuator was installed, and the incident

beam optics included a 1/2 degree divergence slit and a 5mm sample mask. With this

setup the high resolution is achieved. The refracted beam optics were operated in the

rocking curve mode, this consists of an analyzer crystal, a 1/2 degree receiving slit and

a detector. The only measured lattice parameter with this setup is the out-of-plane

parameter, which can be calculated by the same method as mentioned for X-ray diffrac-

tion on polycrystalline samples. However, this scan method does not allow conclusions

for the lattice parameter in the plane with the substrate.

3.3.3 Measuring Film Thickness with Grazing Incidence X-ray Reflec-

tivity (GIXR)

A useful technique to determine the thickness of thin layers deposited on a substrate is

grazing incidence X-ray reflectivity (GIXR). In this method, the angle between incident

beam of X-rays and the surface is quite small (< 10O). The reflectivity of a single layer

deposited on a surface can be expressed as

R =

∣∣∣∣ r1 + r2e
−2ikzd

1 + r1r2e−2ikzd

∣∣∣∣2 , (3.11)

where kz is the vertical component of the wave vector, r1,2 the Fresnel reflectivity

coefficients of the free surface and the substrate interface, and d is the thickness of the

layer [44]. This expression is at a maximum for e−2ikzd = 1, or in other terms

2d

√
sin2(θm)− sin2(θc) = mλ. (3.12)

Here λ is the used wavelength, m an integer and θm the corresponding angle of con-

structive interference. For very small incidence angles of X-rays the index of refraction



23

nfilm of the film has a smaller real part than the refractive index of air (usually by

10−4−10−8), so total external reflection (TER) occurs below a critical angle θc (usually

< 0.6O) [8]. From Snell’s Law there follows sin(θc) =
√

2(nair − nfilm). For sufficiently

small angles we can take the approximation sin(x) ≈ x, and squaring the condition for

a maximum gives:

θ2
m − θ2

c =
m2λ2

4d2
. (3.13)

This relation allows to calculate the thickness of a thin layer on the substrate, out of

the so-called Kiessig fringes (see figure 3.2).

The measurements were also performed on the Panalytical X’Pert MRD Pro System,

Figure 3.2: Example for a GIXR measurement with clearly visible Kiessig fringes, taken
on the sample which was grown at deposition temperature 600OC on a SrT iO3(001)
substrate. To the left the critical angle can be seen, too.

where the beam optics were changed. We chose the incident mirror with a 1/32′′ di-

vergence slit and a 5mm sample mask, and used the 0.15mm Ni automated beam

attenuator. The diffracted beam optics consist of a parallel plate collimator with the

corresponding receiving slit, and a detector.



24

3.4 SQUID Magnetometry

SQUID is an acronym for ’Superconducting Quantum Interference Device’, and forms

a very sensitive magnetometer. The SQUID magnetometer in our lab is the MPMS

XL by the company Quantum Design. It can cover a wide range of temperatures.

For the experiments in this work we used a temperature range of 5 − 300K, and the

applied field was varied between ±7T . An rf SQUID magnetometer usually can detect

magnetic moments down to ≈ 10−8emu, by transducing magnetic flux into a measurable

voltage. This is done by the Josephon effect across a weak link, a small insulating barrier

between two superconductors. The Cooper pairs in the two pieces of superconductors

have different phases. The absolute phase is undefined, so of interest is only the phase

difference ∆φ. From the Ginzburg-Landau approach one can calculate that there is a

superconducting zero-voltage current across the tunnel junction of

Is = Ic sin ∆φ,

where Ic is the maximum current and only depends on the effective mass of the electrons

and the geometry of the junction [45]. For a bigger cross-sectional area and a shorter

length of the junction the current increases. It is not possible to control the phase

between two different superconductors, so only one superconducting ring is formed

which is interrupted at one point with a Josephson junction, see schematics in figure 3.3.

Above we depicted the scenario of a loop of one piece of superconductor, so without the

presence of magnetic flux the phase is the same on both sides of the Josephson junction.

The presence of magnetic flux Φ changes the phase of Cooper pairs. Specifically, the

phase difference in a closed loop gives

∆φ = 2πΦ/Φ0(mod2π),

with the magnetic flux quantum Φ0 = h
2e . Since Φ =

∫
~B · d ~A, the magnetic field

through the plane of the superconducting loop with the junction creates a zero-voltage

current across the junction which can be detected by coupling to another circuit. In the

experimental setup, the sample is not inside the SQUID loop; it is moved through two

coils with opposite winding, also made of superconducting material to avoid resistive

losses at the small induced currents and therefore increase sensitivity. As a result of the

opposite winding of the coils, when the sample is in the middle between the two coils
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Figure 3.3: Schematics for a SQUID magnetometer, with a superconducting ring inter-
rupted by a Josephson junction. Moving the sample inside the pick-up coils creates a
change in magnetic flux, which is transferred to the SQUID loop outside of the magnetic
field. Picture taken from [5].

the induced currents are equal and opposite and thus cancel out. The current is at max-

imum when the sample is moving inside one of the coils. The change of induced current

in those coils is transferred to the SQUID loop and there converted to a change in flux.

With this setup it is possible to leave the SQUID loop outside of the strong magnetic

fields created by the magnets to magnetize the sample. Furthermore this allows that the

temperature of the sample can be more easily regulated without influencing the SQUID

loop.

3.5 Atomic Force Microscopy (AFM) to investigate Sur-

face Properties and Film Roughness

Surface investigations were performed on the NanoScope III atomic force microscope

(AFM). In AFM imaging a cantilever to which a sharp tip is fixed is suspended above
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the sample. The measurements for this project were done in tapping mode, where the

tip is strictly above the surface. A piezoelectric crystal is used to drive the cantilever

to oscillate at a frequency slightly above its eigenfrequency, where the sensitivity of the

amplitude to small changes in frequency is maximized [46]. When the tip comes close

to the surface, the interaction forces cause a damping term in the harmonic oscillator

equation, so the amplitude is reduced and the eigenfrequency shifts slightly. This change

is measured using a laser beam that is reflected off from the surface of the cantilever,

precision measurement of the position of the reflected beam allows to determine the

amplitude and the frequency. The height of the sample is then adjusted by the use of

another piezoelectric to keep the amplitude the same. This change in height gives the

height of the surface. Rastering the sample thus creates a three-dimensional map of the

topography of the surface.

Tapping mode has some clear advantages compared to other modes of operation of

an AFM. In contact mode the interaction between the tip and the sample can alter

the surface, while in non-contact mode, with oscillations at small amplitude, the main

interaction between tip and sample stems from a layer of moisture on the surface, and

the interaction can cause too much damping so that no oscillation can be observed

anymore. In tapping mode the cantilever is driven at a high amplitude. This results in

only a short period of time where the sample is actually interacting with the tip, but

this is sufficient to cause measurable damping.

The most crucial part in AFM imaging, and the limiting factor for the image resolution,

is the sharpness of the tip. A perfect tip is about 100 − 150µm long, symmetric and

ends with a sharp point [47]. A broad end point decreases the maximum achievable

resolution, where a tip that is too long has higher mass and decreases the quality factor

of the cantilever, as well as it can easily break. An asymmetric tip does not interact

with the surface in the same way in all directions. The most common material used for

tips is tungsten.

The tip is rastered and measures the height profile at designated spots. The images

that are presented in this work all have an image size of 4µm× 4µm with a resolution

of 512 × 512 pixels. The substrates were aligned so that their crystallographic (100)

and (010) directions are parallel to the edges of the images, to allow conclusions on the

orientation of visible structures on the surface. The images are shown in section 5.2,
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where bright colors denote higher elevations above the surface and dark colors denote

valleys.

Additionally, the root mean square (RMS) deviation of the surface height was calculated,

using the formula

Sq =

√√√√ 1

MN

M∑
i=1

N∑
j=1

η(xi, yj)2, (3.14)

where M,N are the number of points in x and y direction, respectively, and η is the

amplitude in height. This gives a measure of the roughness of the film at this lateral

length scale of 4µm× 4µm.



Chapter 4

Synthesis and Properties of

Polycrystalline Strontium

Cobaltite

Bulk samples of strontium cobaltite SrCoO3−δ were synthesized using the methods of

solid state reactions outlined in section 3.1. Stochiometric amounts of reactant grade

strontium carbonate SrCO3 and cobalt oxide Co3O4 (mass ratio 1.84:1) were mixed and

ground with mortar and pestle for 2 hours. The mixture was reacted in air at 1000OC

for 36 hours, with one intermediate grinding of 30 minutes after half the reaction time,

and cooled inside the furnace. By this procedure black powder is obtained, which by

X-ray analysis is determined to be in the rhombohedral phase, as expected (see figure

4.1). The X-ray pattern aligns very well with the Jade PDF reference from [15]. The

two additional low-intensity peaks in the pattern at 2θ = 31.32O and 2θ = 65.16O can

be indexed to the (220) and the (440) reflections of the binary cobalt oxide Co3O4.

As described in section 2.2.1, this phase was determined to be an intergrowth of Sr6Co5O15

and Co3O4 [35], which supports the existence of the two visible reflection peaks of

Co3O4. The reaction formula per mol Sr6Co5O15 reads:

6SrCO3 + 2Co3O4 +
7

6
O2 → Sr6Co5O15 +

1

3
Co3O4 + 6CO2. (4.1)

SQUID magnetometry has been performed on those samples, where the results indicate

a change of the magnetic properties with the age of the sample. A scan performed

28
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Figure 4.1: X-ray diffraction data for the sample in rhombohedral phase. The red
reference pattern is taken from [15]. The arrows mark the two additional peaks which
correspond to the binary oxide Co3O4.

shortly after the sample had cooled to room temperature showed no sign of ferromag-

netic behavior (see figure 4.2), at low temperatures there is no hysteresis observable

(figure part a), and the field-cooled (FC) and the zero-field-cooled (ZFC) curves in

magnetization versus temperature almost align above T = 40K (figure part b). Below

this temperature there are clear indications of some form of magnetic ordering. Note

the very weak magnetic moments in this graph. For samples that were heated and

cooled in inert atmosphere Grenier et al report antiferromagnetic behavior, with a Néel

temperature of TN = 25K [33]. This is in agreement with the behavior for temperatures

above T = 40K, but does not agree perfectly at lower temperatures. But this may result

from a difference in the measurement cycle; they measured susceptibility during cooling,

in our measurements we measured the change of moment during the heating process.

While we can conclude some form of magnetic ordering, and antiferromagnetism with

TN = 40K is certainly possible, we can not be conclusive.

However, magnetic measurements performed on samples which were kept in atmospheric

conditions at room temperature for several weeks show different results. That is, those

samples exhibit ferromagnetic properties, as can be seen in figure 4.3. The average
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Figure 4.2: Magnetic data for a polycrystalline sample in rhombohedral structure shortly
after annealing. a) Hysteresis loop taken at T = 5K, where the red dots mark the curve
after cooling in zero field, and the blue squares denote the full hysteresis loop. The inset
shows the behavior for small fields. b) Magnetization versus temperature measured at
H = 100Oe, where the red circles denote the scan after cooling in zero field, the blue
squares after cooling in 1kOe.

moments are rather weak, with a value of 0.014µB/Co for the remanence at T = 5K,

and for high applied fields the magnetization is not approaching a saturation value but

becomes linear, like a paramagnet or antiferromagnet. The most prominent feature is

that the virgin curve intersects the hysteresis loop, i.e. the magnetization coming from

zero at no applied field is smaller than that obtained when coming from remanence.

Similar behavior was formerly observed in various different materials, e.g. MnSi [48] or

the alloy Au81Fe19 [49], but also in a cobaltite, the manganese cobalt spinel MnCo2O4

[50]. A further similaritiy to the latter is the fact that there are two magnetic transition

temperatures, in our case Tc,1 = 172K and Tc,2 = 270K (marked in figure 4.3 a), as ex-

trapolated by the temperature T where the slope of magnetization versus temperature,

dm/dT , is the steepest. Below the second critical temperature the virgin curve inter-

sects the hysteresis loop (see figure 4.3 b), while for Tc1 < T < Tc2 ’normal’ hysteresis

behavior is observed. Furthermore, when the sample is demagnetized after performing

a full hysteresis loop by switching fields (in the shown graph at T = 160K, there was

a remaining magnetic moment at zero field of only 1.3% of the remanence value) the

resulting line does not intersect the hysteresis loop anymore. Even though there occurs

a dramatic change in magnetic properties over time, no clear change in the patterns
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from X-Ray diffraction could be observed in a studies over 5 weeks. That means the

overall structure remains. One hypothesis for the change is that the sample picks up

more oxygen. As described earlier (see section 2.2.1), the previous measurement of

magnetic data was performed on a sample of nominally stochiometric SrCoO2.5, which

was heat-treated in an inert atmosphere [33], whereas the rhombohedral phase later was

described with a nominal stochiometry of SrCoO2.67 [35], i.e. at an elevated oxygen

content. Neutron powder diffraction on a freshly annealed sample could give clarity on

whether oxygen intercalation happens and in what matter.

In the cited article [50] the anomalous magnetic behavior is attributed to stiffness of the

domain walls so that their motion is significantly slower. This effect could be caused

by small distortions of the underlying structure. So when going through the second

transition during the cooling process, the ground state of the system changes but mi-

croscopically the system still is constrained to the other state, which has a smaller

response to applied magnetic fields and is separated from the low-temperature ground

state by an energy barrier. This is supported by the fact that above the transition

temperature Tc,1 = 172K the remanence decreases, from 0.004µB/Co at T = 160K to

0.0015µB/Co at T = 180K, but the coercivity increases from 165Oe to 800Oe at the

same transition (see also figure 4.3 c). A possibility to explain this is the formation of

minor amounts of impurity phases. The transition at Tc,1 = 172K could be caused by

the presence of a small amount of the tetragonal phase around SrCoO2.75. The other

transition at Tc,2 = 270K is at a similar value as for the cubic perovskite, but also

close to the Neel temperature TN = 291K of cobalt oxide CoO [51]. The rhombohedral

phase that is present was found to be an intergrowth of Sr6Co5O15 and Co3O4 [35], but

other sources also report the presence of CoO [15]. But further, more in-depth investi-

gation, would be required to fully understand this unusual magnetic hysteresis behavior.
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Figure 4.3: Observed ferromagnetic features of the rhombohedral phase. a) Magne-
tization versus temperature measured at H = 100Oe, for the field-cooled (blue) and
the zero-field cooled (ZFC) case (red). Marked are the two transition temperatures at
Tc,1 = 172K and Tc,2 = 270K. b) Magnetic hysteresis observed at T = 5K. The virgin
curve (red) intersects the hysteresis loop (blue), as can be seen in the inset for small ap-
plied fields. c) Extract of the hysteresis loop at T = 160K (left) and T = 180K (right).
While crossing the transition temperature Tc,1 = 172K the virgin curve (red) moves
inside the hysteresis loop (blue), where the curve after demagnetization by switching
fields is generally inside (green).
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The main goal of the investigation of polycrystalline bulk samples of strontium

cobaltite was to produce targets for the high-pressure oxygen sputtering system (see

section 3.2). The previously obtained powder in the rhombohedral phase was reground,

enriched with target binder and pressed into disks of 2 inch diameter by applying a

pressure of approximately 12500psi, as described in section 3.1. Then the disks were

heated to 1100OC in air for 24h, and cooled following different procedures. Quenching

to liquid nitrogen transformed the target to the orthorhombic phase. This phase would

be preferable, because it is of higher order than the rhombohedral phase, in terms of

oxygen vacancy ordering and all cobalt ions being in the same valence state (see section

2.2.1), but the abrupt change of temperature imposed too much mechanical stress on

the samples so that those were not stable enough for use on the sputtering system.

Therefore targets were prepared using a standard cooling procedure inside the furnace,

which produces the rhombohedral phase. The X-ray pattern shows virtually no differ-

ence from the one shown in figure 4.1. The highest mechanical stability was achieved

by taking between 18 − 20g of powder and slow-cooling the targets at a cooling rate

of −30K/hr. For the target that was later in use, this resulted in a black disk with

46.9mm diameter, 3.0mm thickness and a weight of 19.3g. Thicker targets tend to have

microcracks after cooling, most likely induced by the phase-change into the rhombohe-

dral phase. This target is insulating, with a cross-resistance (measured between the two

planes of the sample with a multimeter) of approx. 1kΩ. The change of the properties

with time became important at the state of thin film growth, since a freshly annealed

target created a less uniform plasma compared to a target which was kept at ambient

conditions for several weeks.



Chapter 5

Thin Films of Strontium

Cobaltite

In this chapter we will summarize our findings on the growth of epitaxial films of stron-

tium cobaltite SrCoO3−δ. All samples were prepared using a high-pressure oxygen

sputtering system in radio-frequency (RF) mode, as described in section 3.2. For clean-

ing purposes the substrates were heat-treated before starting the sputtering process.

That means, the substrates were put inside the sputtering chamber in an atmosphere of

1.0mbar oxygen, then the temperature was increased to 900OC at a rate of 20OC/min.

The samples were kept at these conditions for 15 minutes. By this process all organic or

dust contaminations to the surfaces are oxidized to volatile gases and leave the surface

of the substrates. Then the temperature was dropped to the desired growth tempera-

ture. After reaching that point, the oxygen pressure was adjusted and the sputtering

procedure was started. Between the experiments several parameters were changed; here

we shall discuss the effects of the individual parameters on the characteristics of the

films.

The experimental parameters that can be controlled are the temperature of the sub-

strates, the pressure of oxygen in the chamber, the power applied to the target and

the height difference between substrates and target. The latter could not be deter-

mined precisely, and was controlled by externally measuring the position of the heater

at its set-screw with a caliper, but we kept this constant throughout all trials. From

34
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a photograph the distance between target and substrates was estimated to be 12mm.

Furthermore, the post-growth treatment of the samples was varied and we tested two

different substrates, SrT iO3(001) and LaAlO3(001), since their respective lattice mis-

match compared to SrCoO3 is different and thus fully pseudomorphic films obtain

different strain states, as outlined in section 2.2.2. Both kinds of substrates are cut so

that the crystallographic (001)-direction points out of the plane. The in-plane lattice

parameters, along the two edges, are therefore 3.905Å for SrT iO3 and 3.79Å for LaAlO3

[36].

In total we investigated 14 samples, 7 on each type of substrate. We used 4 different

substrate temperatures, 800OC, 750OC, 650OC and 600OC, where we kept the oxygen

pressure constant at 2.0mbar, applied 80W power to the target and cooled the samples

in 800mbar oxygen. For a deposition temperature of Tdep = 650OC and the other condi-

tions as stated we additionally applied two different annealing schemes, after the growth

keeping the samples at 650OC for 4 hours in 800mbar oxygen or vacuum (< 10−5mbar),

respectively, and then cooling in unchanged conditions. One additional set of samples

was sputtered at Tdep = 800OC with oxygen pressure of 2.5mbar, and cooled in 800mbar

oxygen. For this experiment the applied power to the target was increased to 120W in

order to maintain a constant distance between substrates and target while the edge of

the plasma plume still just approached the substrates.

We analyzed the morphology of the samples with an atomic force microscope (AFM),

structural properties with methods of X-ray diffraction and magnetic behavior with a

SQUID magnetometer. The results are presented in the subsequent sections.
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5.1 Film Thickness

Figure 5.1: GIXR measurement on the samples grown at Tdep = 600OC, a) on
SrT iO3(001) and b) on LaAlO3(001). The Kiessig fringes are clearly visible, the ex-
tracted thickness is a) 229Å and b) 277Å.

In section 3.3.3 we described how to determine the thickness of a film on a substrate

using Grazing Incidence X-ray Reflection (GIXR). With this method reliable values can

be obtained for smooth films. As we will discuss later (section 5.2), the smoothest films

for both substrates were obtained by growing with substrate temperature Tdep = 600OC,

where the oxygen pressure was kept at 2.0mbar during the growths and at 800mbar for

the cooldown. The results are shown in figure 5.1.

From these graphs the thickness of the films was extracted to be 229Å for the sample

grown on SrT iO3(001) and 277Å on LaAlO3(001). The growth time was 2 hours, so

this corresponds to a growth rate of 1.9Å/min and 2.3Å/min, respectively. There are

several factors known to influence the growth rate. The oxygen present in the plasma on

the one hand is required to sputter cations from the target and to form the film, but on

the other hand also resputters atoms from the film. The oxygen pressure in the plasma

was kept constant for almost all trials, so this effect on the growth rate is constant.

Other known effects depend on the deposition temperature and reduce the sputtering

rate for an increase in sputtering temperature. All other samples were grown at higher
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temperatures, so the specified thickness marks an upper bound for the thickness of all

samples. Direct measurement of the thickness using GIXR is not meaningful on these

due to high surface roughness (see section 5.2). Two pairs of samples mark outliers

here: for the samples grown at Tdep = 650OC without further annealing the sputtering

time was decreased to 1:45 hours out of experimental reasons, so the limit has to be

set lower. Furthermore, for the samples which were grown at Tdep = 800OC with an

oxygen pressure of 2.5mbar and increased applied power at the target to 120W this

extrapolation does not hold true anymore.

5.2 Surface Morphology

Here we discuss the surface morphology of our samples. The investigation was done

by using an atomic force microscope (AFM) in tapping mode, which was described in

section 3.5. All the images presented in this section are taken on a 4µm× 4µm length

scale, with an image resolution of 512× 512 pixel. Brighter color stands for peaks and

darker color for valleys in the three-dimensional structure. All samples were aligned so

that the crystallographic (100) and (010) directions of the substrates are parallel to the

edges of the images. The behavior on the two substrates is very different, so we break

this discussion up into two parts.

5.2.1 Samples on SrT iO3(001)

A substrate of SrT iO3(001) provides tensile strain to all cubic, tetragonal or orthorhom-

bically distorted compounds of SrCoO3−δ mentioned in section 2.2.1, where a higher

oxygen deficiency δ results in less strain. The topographic structures here fall into three

categories. The first is an array of clusters of material with no identifiable pattern

arranged on the substrate, which occurs for the samples grown at high temperatures,

Tdep = 800OC, 750OC (figure 5.2 a and b). At lower temperature Tdep = 650OC there

are also islands on the surface, but these show some correlation along the diagonals of

the image, which are the (110) and (11̄0) directions of the substrate (figure 5.2 c). The

third type of morphology only occured for Tdep = 600OC, and this is a smooth film,
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Figure 5.2: Surface morphology and measured RMS roughness σ for samples grown
on SrT iO3(001), with a) Tdep = 800OC (σ = 185Å), b) 750OC (σ = 49Å), c) 650OC
(σ = 49Å), and d) 600OC (σ = 4.8Å). The images are taken on a 4µm × 4µm length
scale, where the edges of the images are parallel to the crystallographic (100) and (010)
directions of the substrates.

see figure 5.2 d. In the top of the image there are some clusters arranged in a stripe

which follows the (210) direction of the substrate, and in the bottom along the (100)

direction. A possible explanation for those islands is an underlying existence of terraces

from different substrate lattice planes which end along that direction. In between there

is a smooth film with an RMS roughness of 1.9Å. This is about half the size of a unit

cell, so this area shows a smooth, continuous film.

Figure 5.5 a shows the evolution of the RMS roughness σ with deposition temperature

Tdep. It increases with an increase in Tdep, in general accordance with a previous study

[40].
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A similar pattern of stripes as for the mentioned sample grown at 650OC appears for

Figure 5.3: Surface morphology and measured RMS roughness σ for samples grown
on SrT iO3(001) at Tdep = 650OC, which were annealed for 4 hours and cooled in
a) 800mbar oxygen (σ = 59Å) and b) vacuum (σ = 41Å). The images are taken on a
4µm×4µm length scale, where the edges of the images are parallel to the crystallographic
(100) and (010) directions of the substrates.

the two other samples grown at that same temperature but which were annealed after

the growth (figure 5.3). The stripe pattern shows up for both annealing conditions, oxy-

gen and vacuum, and the stripes follow the (110) and (11̄0) directions of the substrate,

as without annealing. The visible difference in the surface morphology also quantifies

in the RMS roughness. While for the vacuum annealed sample the roughness drops

slightly compared to the sample without heat treatment (41Å cf. 49Å), it increases to

59Å for the sample which was annealed in oxygen (excluding the visible scratch in the

lower left corner of the image).

Sputtering at a higher oxygen pressure (2.5mbar cf. 2.0mbar), for Tdep = 800OC, also

yielded an uncorrelated pattern of clusters on the surface, but with a largely reduced

roughness of σ = 54Å compared to 185Å, see figure 5.4 a. All extracted values for

the RMS roughness are shown in figure 5.5. There is a trend towards higher rough-

ness for higher deposition temperature, while higher oxygen pressure during the growth

process reduced the roughness at high temperatures. A smooth film exists for growth

at Tdep = 600OC, but with increasing the temperature the pattern breaks up into a

pattern of stripes which follow the (110) and (11̄0) direction of the substrate and for

high temperatures goes to formation of islands without visible ordering. Post-growth
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Figure 5.4: Surface morphology and measured RMS roughness σ for samples grown on
SrT iO3(001) at Tdep = 800OC, with oxygen pressure during the sputtering process of
a) 2.5mbar (σ = 54Å) and b) 2.0mbar (σ = 185Å).

annealing of the samples preserves the stripe pattern, but influences the roughness. Vac-

uum treatment reduced the roughness, while oxygen annealing increased the roughness.
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Figure 5.5: Evolution of the RMS roughness σ versus deposition temperature Tdep for
the samples grown on a) SrT iO3(001) and b) LaAlO3(001) substrates. Circles denote
the samples grown at 2.0mbar oxygen pressure and cooled in oxygen, the squares show
the oxygen annealed and the triangles the vacuum annealed samples, and the diamonds
represent the samples grown at higher oxygen pressure of 2.5mbar. The sample on
SrT iO3(001) grown at Tdep = 800OC and 2.0mbar oxygen pressure is an outlier, with
σ = 185Å, and is not marked on the graph.

5.2.2 Samples on LaAlO3(001)

A substrate of LaAlO3(001) provides compressive strain to all cubic, tetragonal or or-

thorhombically distorted compounds of SrCoO3−δ that were mentioned in section 2.2.1,

where a higher oxygen deficiency δ results in bigger lattice mismatch. The smoothest

film that was obtained was the sample grown at Tdep = 600OC, with a roughness of 11Å,

and the roughness increased with an increase in deposition temperature. These values

are shown in figure 5.5, and the trend is in agreement with a more extensive previous

study on the system SrT iO3(001)/La0.5Sr0.5CoO3 [40]. The low temperature sample

(figure 5.6 d) shows a pattern of stripes along the (110) and (11̄0) directions of the sub-

strate. Some correlation along these lines can be seen for the sample with Tdep = 650OC

(figure 5.6 c), where for high deposition temperatures the structure changes dramati-

cally. The main feature in the samples grown at Tdep = 800OC, 750OC is a pattern of

small flat regions, which lie in the plane of the substrate and are separated by sharp

edges, see figure 5.6 a and b. Additionally there are some islands on these samples, as

well as there are regions without islands in the image of the sample with Tdep = 650OC,
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Figure 5.6: Surface morphology and measured RMS roughness σ for samples grown
on LaAlO3(001), with a) Tdep = 800OC (σ = 50Å), b) 750OC (σ = 47Å), c) 650OC
(σ = 34Å), and d) 600OC (σ = 11Å). The images are taken on a 4µm × 4µm length
scale, where the edges of the images are parallel to the crystallographic (100) and (010)
directions of the substrates.

but these areas show the flat planes as in the high temperature samples. This means

there is a smooth transition between the two different morphologies.

Figure 5.7 shows the images for the samples which were grown at Tdep = 650OC and

then annealed under different conditions, in a) oxygen and b) vacuum. These samples

have the same morphologic features as the unannealed sample, an array of clusters which

follows the (110) and (11̄0) directions of the substrate, but the roughness is higher, for

the vacuum annealed sample even more than for the one kept in oxygen (48Å cf. 41Å

cf. 34Å). This is also depicted in figure 5.5.

Another big change in the surface morphology happens in the case of increased oxygen
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Figure 5.7: Surface morphology and measured RMS roughness σ for samples grown
on LaAlO3(001) at Tdep = 650OC, which were annealed for 4 hours and cooled in
a) 800mbar oxygen (σ = 41Å) and b) vacuum (σ = 48Å). The images are taken on a
4µm×4µm length scale, where the edges of the images are parallel to the crystallographic
(100) and (010) directions of the substrates.

pressure during the growth, 2.5mbar instead of 2.0mbar, see figure 5.8. The aforemen-

tioned sharp edges between the planes vanish, but therefore there show up a few big

islands which are oriented along the (110) and (11̄0) directions of the substrate, and

many small valleys which also follow these directions. A cross-sectional analysis shows

most of these valleys have a depth of 180Å below the average height, and this is also

the maximum depth. The size of the holes is characteristically around 100Å in width.

It is not clear whether the maximum depth is an artifact of the tip in the atomic force

microscope being too big to better resolve these holes, or if there actually is a maximum

depth, either by going down to the substrate or a continuous thin underlayer. Compar-

ing the extracted values of RMS roughness σ shows that the sample grown at higher

oxygen pressure is rougher, with σ = 59Å compared to 50Å. These values can also be

seen in figure 5.5.
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Figure 5.8: Surface morphology and measured RMS roughness σ for samples grown on
LaAlO3(001) at Tdep = 800OC, with oxygen pressure during the sputtering process of
a) 2.5mbar (σ = 59Å) and b) 2.0mbar (σ = 50Å).

5.3 Structural Properties

In this section we will discuss the structural properties of the epitaxially grown films,

which were investigated by high resolution X-ray diffraction, as described in section

3.3.2. We will investigate the systematic change of properties depending on the growth

temperature and the annealing conditions, and we will outline an approach to determine

oxygenation and ordering of oxygen vacancies based on X-ray diffraction.

5.3.1 Samples on SrT iO3(001)

Figure 5.9 shows the evolution of the X-ray diffraction pattern for different deposition

temperatures Tdep during the growth, for samples grown on SrT iO3(001). The two

strong peaks at about 2θ = 22.77O and 46.47O are the (001) and (002) reflection of the

substrate, respectively. Their positions allow to calculate the substrates’ lattice param-

eters to be between 3.904Å and 3.910Å, which is in good agreement with the reported

value of 3.905Å. All samples show peaks close to the right of the substrate peaks, which

move further to the right and become stronger for higher deposition temperature Tdep.

Being more to the right means a lower lattice parameter, the extracted values are 3.81Å

for Tdep = 800OC and 750OC, 3.85Å for 650OC and 3.86Å for 600OC. For all samples
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Figure 5.9: The X-ray diffraction patterns for the samples grown at different substrate
temperatures on SrT iO3(001), with the sample grown at Tdep = 800OC at 2.5mbar
oxygen pressure. The two sharp peaks at 2θ = 22.77O and 46.47O stem from the
substrate (001) and (002) reflection, respectively.

except the one grown with Tdep = 650OC these are the only visible peaks, so we assume

the structural repeat to be of 3.81 − 3.86Å, otherwise another reflection between the

substrate peaks would be present at around 2θ = 34O. This is in agreement with the

lattice parameter of the cubic perovskite and its tetragonal and orthorhombically dis-

torted derivatives, so the film grows with the (001) direction being out of plane. The

sample grown at a higher oxygen pressure of 2.5mbar instead of 2.0mbar shows the same

behavior.

The sample grown at Tdep = 650OC additionally shows a double peak at 2θ = 31.2O

and 2θ = 32.6O, and an additional weak peak at 15.5O (see figure 5.10). These are re-

flections from a secondary phase, which correspond to a lattice parameter of 5.74Å and

5.49Å, respectively. These values are comparable to the (110) (or equivalent) reflection

of the cubic perovskite structure, i.e. there is a portion of the film oriented with the
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Figure 5.10: The X-ray diffraction patterns for the samples grown at Tdep = 650OC
on SrT iO3(001), where one was cooled in oxygen (black), one annealed and cooled in
oxygen (red) and one annealed and cooled in vacuum (blue).

face-diagonal of the cubic structure in the out-of-plane direction. The vacuum annealed

sample shows a very similar pattern, but the peak corresponding to the cubic phase

disappears (see figure 5.10). This peak is weaker in the case of oxygen annealing, too,

but here additional peaks arise. These peaks can all be indexed with running number

n = 1, ..., 8, where the n = 8 peak is split, but we also observed that the peaks corre-

sponding to even numbers are sharper and stronger than those for odd numbers. This

suggests the coexistence of two phases, with different proportion. Taking only the even-

numbered peaks, these correspond to a lattice repeat of (5.57±0.02)Å, where again the

highest-order peak splits. This is the same value as for the orthorhombic brownmillerite

phase SrCoO2.5 along the (001) direction, i.e. perpendicular to the line of vacancy

ordering. The brownmillerite (001) direction is equivalent to the (110) direction of the

cubic perovskite structure, so this direction being out of plane implies that the direc-

tions in plane are the cubic (11̄0) and (001) directions. Considering the stripe structure
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which was observed in the topographic images, with the stripes running along the face

diagonals of the perovskite structure of the substrates, we suppose that the sputtered

film orients itself along these lines with the (100) direction of the brownmillerite struc-

ture. This implies that the oxygen vacancies are running parallel to the surface, along

the observed stripe pattern. The peaks corresponding to odd values of the order number

n correspond to a phase with (11.0 ± 0.1)Å. The reported structure with this lattice

repeat is the tetragonal structure which appears at SrCoO2.75 and is stochiometrically

centered around SrCoO2.82±0.07. This means there are two phases present, but the re-

flections of the tetragonal phase are visibly broader and of lower intensity. Comparing

the FWHM (full width half maximum) values obtained by fitting to a Gaussian peak

shape for the even numbered peaks to those of odd numbers, we see that the ratio of the

broadness is roughly 1:3 (0.45−0.72O cf. 1.24−2.16O). Therefore we conclude that the

film thickness of the orthorhombic phase is much higher than for the tetragonal phase,

and thus the stochiometry is closer to SrCoO2.5 than to SrCoO2.82. A more precise

estimate of oxygen content out of this data is not possible, but this method can be used

for comparison between different samples.

5.3.2 Samples on LaAlO3(001)

On LaAlO3(001) substrates there were four samples grown at different substrate tem-

peratures; the evolution of the patterns from HRXRD is displayed in figure 5.11. These

films show a clear evolution in the pattern, for the high temperature samples sputtered

at Tdep = 800OC and 750OC there are several sharp peaks present which with lowering

the substrate temperatue become more faint and for 600OC disappear. Only one broad

peak around 2θ = 45O remains which evolved from the initial peak at 40.7O. In both

high temperature samples the peaks form a pattern that can be indexed with one single

phase, with order number of the maxima n = 1, ..., 8. Note that the n = 6 peak in this

notation is not visible, it is inside the big substrate (002) peak, and the n = 3 peak

appears as a shoulder on the substrate (001) peak. For all other peaks fits to Gaussians

were performed. The extracted values for the full width half maximum (FWHM) are

between 0.40− 0.45O for all peaks, for both samples. Therefore we conclude that these

are close-to single phase films, with out-of-plane lattice parameters of (11.08 ± 0.02)Å
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Figure 5.11: The X-ray diffraction patterns for the samples grown at different substrate
temperatures on LaAlO3(001). The two sharp peaks at 2θ = 22.77O and 46.47O stem
from the substrate (001) and (002) reflection, respectively.

for the Tdep = 800OC and (11.07± 0.03)Å for the 750OC sample. This value is close to

the tetragonal phases indexed as SrCoO2.82±0.07 and SrCoO2.75.

At lower substrate temperatures this phase did not form anymore. For Tdep = 650OC a

weaker reflection of those peaks is still present, but there already forms the new broad

peak at about 2θ = 45O, which is the only peak left for the 600OC sample. In the

aforementioned images from atomic force microscopy we see the texture changing, the

planes that were visible at higher temperatures gradually disappear and more islands

form on the surface, so we suppose that this is an effect of poor crystallization and

cation non-stochiometry of our samples.

For the samples with a deposition temperature of Tdep = 650OC three different anneal-

ing and cooling procedures were applied, as mentioned before. The results from X-ray

diffraction are shown in figure 5.12. In the case of vacuum annealing and cooling, the

intensities increase slightly compared to the oxygen cooled sample, but the peaks split
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Figure 5.12: The X-ray diffraction patterns for the samples grown at Tdep = 650OC
on LaAlO3(001), where one was cooled in oxygen (black), one annealed and cooled in
oxygen (red) and one annealed and cooled in vacuum (blue).

again. The resulting lattice parameters are (5.65± 0.05)Å and 5.42Å, so this indicates

the presence of the orthorhombic phase in two different orientations. The oxygen an-

nealed sample shows a more distinct pattern. With the same method of analysis as

presented before, those peaks can be assigned with order numbers n = 1, ..., 8, but

here the odd number peaks are very faint and again the n = 8 peak splits. Therefore

we conclude that this phase is predominantly orthorhombic as around SrCoO2.5, with

some fraction of the tetragonal phase of SrCoO2.75. The out-of-plane lattice parameter

from the even-numbered peaks is (5.57 ± 0.01)Å, which is the orthorhombic value for

the direction perpendicular to the lines of ordered oxygen vacancies, so comparing to

the images from atomic force microscopy allows to conclude that these lines follow the

(110) and (11̄0) direction of the substrates. Furthermore, the peak which is present in

the poorly crystallized samples is also present here, but is weaker and is shifted towards

the position of a film peak. So we can say that oxygen annealing oxidized the material,
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as well as increasing the crystallization state or improving the cation stochiometry for

samples grown on LaAlO3(001). As mentioned above, a precise determination of the

oxygen content is not possible, but one can see that the odd-numbered peaks are weaker

on LaAlO3(001) than on SrT iO3(001) for the same conditions, so the oxygen content

is expected to be higher on SrT iO3(001) for the sample that was annealed and cooled

in oxygen. But this has to be seen in context with the expected better crystallization

state.

The sample grown at a higher oxygen pressure of 2.5mbar, at Tdep = 800OC, does

Figure 5.13: The X-ray diffraction pattern for the sample that was grown at Tdep =
800OC at higher oxygen pressure of 2.5mbar on LaAlO3(001). To the eye only the two
substrate peaks are visible, with broadening of the (002) peak on its left side.

not show any additional peaks in the X-ray diffraction pattern except the two big sub-

strate peaks. However, the (002) peak in this pattern can best be fit to the sum of two

Gaussian distributions (by the use of Origin software), where the lower intensity peak

corresponds to an out of plane lattice parameter of 3.81Å. This value is lower than

all reported lattice parameters for the system SrCoO3−δ, even though LaAlO3(001)
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provides compressive strain. Therefore it is questionable if we actually observe a cubic

phase of the film here, or a phase with loss of cation stochiometry.

A summary of the different phases will be presented in section 5.5.

5.4 Magnetic Properties

The magnetic properties of these films were measured using a SQUID magnetometer,

which was described in section 3.4. In the way that the samples were mounted the

direction of the applied field and measurement of the moment was in the plane of the

substrate, along its crystallographic (100) direction. The main goal of this investigation

was to determine whether ferromagnetism is present in a sample, so we shall focus on

this aspect and do not go into more detail on the magnetic behavior of those samples

which do not exhibit clear ferromagnetism. This limitation is due to the effect that

SrCoO3−δ with big oxygen vacancy δ has weak or no ferromagnetic behavior, while

fully oxygenated SrCoO3 has strong ferromagnetism with a Curie temperature close to

room temperature. Furthermore the predictions by Lee and Rabe [12], which will be

investigated with further research on this project, imply a ferromagnet-antiferromagnet

transition. The magnetization was measured in a fixed applied field on increasing the

temperature from 5 to 300K, in each sample twice: after cooling the sample from room

temperature in an external field (FC), and after cooling the sample in zero field (ZFC).

The different results for the samples on SrT iO3(001) which were not heat treated after

the growth are shown in figure 5.14.

The data is shown as raw data, i.e. the background signal from the substrate is not

subtracted. Both materials, SrT iO3 and LaAlO3 are known to be diamagnetic. The

measurement and cooling fields were varied, to react to the different behavior of the sam-

ples. The measured magnetic moment was converted into Bohr magnetons per cobalt

cation µB/Co, as shown on the right column for those graphs. Here we assumed a film

thickness of 229Å for the samples on SrT iO3(001) and 277Å for those on LaAlO3(001),

these are the maximum values which were determined in section 5.1. Thus the displayed

values for average magnetic moment per cobalt cation are an underestimate. Addition-

ally, at higher applied fields the background signal has a larger contribution, so for those
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samples the values must not be seen as absolute. The negative magnetic moments for

samples on LaAlO3(001) originate from the diamagnetism in the substrate, these are

not properties of the films themselves.

However, despite those limitations it is possible to extract whether a sample is ferro-

magnetic or not and if so the Curie temperature. On SrT iO3(001) substrates a clear

trend can be observed, samples grown at higher temperatures show a strong ferro-

magnetic signal, which becomes weaker for lower deposition temperatures and vanishes

completely at Tdep = 600OC. Therefore for the 650OC sample a Curie tail sets in, while

the sample still shows a weak ferromagnetic transition, and at 600OC some remanent

magnetization at low temperatures is present, but no clear evidence of ferromagnetism.

Without further investigation the origin of this can’t be determined, a glassy behavior is

possible since this coincides with the before supposed decrease in proper crystallization

and onset of cation non-stochiometry. The Curie temperature was extracted by the

Brillouin method, i.e. as the point of steepest slope of magnetization versus tempera-

ture, dm/dT . It is highest for the sample grown at Tdep = 800OC with TC = 175K and

TC = 170K for the sample with Tdep = 750OC and drops to TC = 135K for the sample

with Tdep = 650OC. The sample which was grown at Tdep = 800OC at a higher oxygen

pressure of 2.5mbar shows a ferromagnetic transition at TC = 155K, i.e. lower than

for the sample that was sputtered at the same temperature, but with oxygen pressure

of 2.0mbar. Notable is the maximum magnetization, which is about 0.3µB/Co for the

high pressure sample and 0.15µB/Co for the high temperature samples grown at lower

pressure. We conclude that with lowering the substrate temperature we actually obtain

a different phase, whose properties can’t be determined from this data since the signal

from the substrate dominates.

In [5], a plot is given of Curie temperature versus doping x in the system La1−xSrxCoO3,

this can be effectively translated to a ratio of Co+4/Co+3 and thus to an oxygen defi-

ciency δ in SrCoO3−δ. The ratio is the same if the two parameters in these different

systems obey the relation δ = 1−x
2 . Since the main contribution to the magnetic be-

havior in both cases stems from the valency of the Cobalt ions, this can be used to get

a rough estimate of the oxygen deficiency, for the samples grown at high temperatures

with dominantly ferromagnetic behavior. The Curie temperature of the sample with

Tdep = 800OC and oxygen pressure of 2.5mbar, TC = 155K, corresponds to x = 0.18,
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i.e. δ = 0.41. For the sample grown at the same temperature in an oxygen pressure of

2.0mbar, and for the sample with Tdep = 750OC, we obtain a value of δ = 0.40. For

the low temperature samples, with multiple phases present, this estimate is not valid

anymore. Overall we can say that all the high temperature samples have about the

same oxygen content.

For the samples on LaAlO3(001) substrates the biggest change in magnetic behavior is

observed for a change in the oxygen pressure during the sputtering process, see figure

5.15. Remarkable is the huge drop in overall magnetization, as well as the appeareance

of the Curie tail for a decrease of the used oxygen pressure. The ferromagnetic compo-

nent decreases largely, but the Curie temperature as extracted by the Brillouin method

remains almost unchanged, 160K and 150K for oxygen pressure during the sputtering

process of 2.5mbar and 2.0mbar, respectively. At a lower substrate temperature ferro-

magnetism vanishes completely and what remains for Tdep = 650OC is the Curie tail

which is most likely related to the substrate or background. To investigate the sample

effects in depth a more careful procedure of background subtraction needs to be applied.
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Figure 5.14: Magnetization versus temperature for the samples on SrT iO3(001) sub-
strates, which were grown at a) Tdep = 800OC and 2.5mbar oxygen, and with 2.0mbar
oxygen pressure at b) Tdep = 800OC, c) Tdep = 750OC, d) Tdep = 650OC and e)
Tdep = 600OC, without post-growth annealing. Red marks ZFC curves and blue FC
curves. The cooling and measurement fields are denoted on the graphs.
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Figure 5.15: Magnetization versus temperature for the samples on LaAlO3(001) sub-
strates, which were grown at a) Tdep = 800OC and 2.5mbar oxygen, and with 2.0mbar
oxygen pressure at b) Tdep = 800OC and c) Tdep = 650OC, without post-growth anneal-
ing. Red marks ZFC curves and blue FC curves. The cooling and measurement fields
are denoted on the graphs.



56

5.5 Summary

Figure 5.16: Schematic of different phases obtained during the sputtering process versus
deposition temperature, on both substrates SrT iO3(001) and LaAlO3(001).

In this section we connect our findings from the different methods of investigation

of our samples. All discussed properties are summarized in figure 5.16. Our first obser-

vation is that generally the samples on SrT iO3(001) have a higher oxygen deficiency

δ compared to those on LaAlO3(001). This is in agreement with earlier investigations

on La0.5Sr0.5CoO3, where tensile strain results in an increase of oxygen deficiency com-

pared to compressive strain [40]. The reason for this was found to be the ordering of

oxygen vacancies. In samples with tensile strain the vacancies order perpendicular to

the surface, while for compressive strain the ordering is in lines parallel to the surface.

Furthermore, for the known phases of SrCoO3−δ a higher oxygen deficiency δ increases

the bulk lattice parameter, so on SrT iO3(001) substrates the lattice mismatch is smaller

for deficient phases, while on LaAlO3(001) the mismatch increases with an increase in

oxygen deficiency δ.

On SrT iO3(001) substrates the samples fall into two classes, with a smooth transition

between. At low deposition temperature Tdep = 600OC we obtain a very smooth film,

which shows up as a cubic phase in X-ray analysis, but does not exhibit ferromagnetic

behavior. The out of plane lattice parameter here is 3.86Å. This value is higher than for

a cubic perovskite or related phase, even though SrT iO3(001) provides tensile strain.
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Regarding this and the absence of ferromagnetism we conclude that this sample does

not have proper cation stochiometry and is close to amorphous. Sharma et al [40] found

that for La0.5Sr0.5CoO3 the critical temperature for proper crystallization of films is

between 500− 600OC, below this the film obtains an amorphous phase. For SrCoO3−δ

we can report the crystallization temperature to be around 600 − 650OC, which is in

good agreement. At an increased deposition temperature of 650OC we obtain a sample

which shows the presence of two different phases in X-ray analysis, a cubic phase with

the same orientation as the substrate (the (001) direction is out of plane) and a phase

that is related to the orthorhombic brownmillerite phase SrCoO2.5, with an out of plane

direction that corresponds to the cubic (110) direction. This requires that the (11̄0) and

(001) directions are in the plane of the substrate, but not both can align simultaneously

with the cubic substrate with its (001) direction being out of plane. Therefore the film

forms patterns along the (110) and (11̄0) directions of the substrate, which can be seen

with atomic force microscopy. The splitting of the peak in X-ray diffraction, which is

typical for polycrystalline samples in the brownmillerite structure, points towards two

different directions of vacancy ordering, partly in out-of-plane direction, partly in the

plane along the (110) or (11̄0) direction. The orthorhombic phase is reported to be

antiferromagnetic, so we suppose the onset of ferromagnetism is due to the cubic por-

tion of the sample and improved cation-stochiometry. Annealing with oxygen increases

in both atomic force mircoscopy imaging and X-ray diffraction the features that were

assigned to the phase oriented with the (110) direction out of plane, but the signature

of the cubic phase fades. Furthermore, additional peaks appear which suggest a mix-

ture of the orthorhombic and tetragonal phases of SrCoO2.82. This goes together with

an increase in roughness as measured with AFM. In the tetragonal phase the lattice

parameter of 10.865Å along the (110) direction of the perovskite structure corresponds

to a pseudocubic lattice parameter of 3.84Å, which is closer to the substrate parameter

of 3.905Å than the pseudocubic value along the (001) direction of 3.83Å. Thus in this

direction the film has to compensate for a smaller lattice mismatch, and the stripe pat-

tern suggests that this compensation only happens in one direction. A vacuum anneal

lowered the intensity of the cubic peak and the film roughness reduced. Together with

no increase of the signs of the brownmillerite phase we conclude that this sample is

closer to the amorphous or cation non-stochiometric phase.
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For high deposition temperatures the samples are in the cubic phase, with ferromag-

netic transition temperatures that correspond to an oxygen content of about SrCoO2.6,

where the sample grown at higher pressure has a lower Curie temperature and presum-

ably lower oxygen content. To relax the strain the samples are much rougher, where the

aforementioned pattern of stripes breaks up and separated islands form. The general

trend for increase in deposition temperature is in agreement with the observed behavior

in the system La0.5Sr0.5CoO3/SrT iO3(001) [40].

The behavior on LaAlO3(001) substrates for the samples grown at low temperatures is

similar, but differs for the high temperature samples. The presence of only one very

broad peak in X-ray diffraction and low surface roughness in AFM imaging suggest that

the sample grown at 600OC is cation non-stochiometric and close to amorphous. At

deposition temperature Tdep = 650OC there are signs of the tetragonal phase in X-ray

diffraction, but also the cubic phase. AFM imaging shows an underlayer with islands on

top of it. For the high temperature samples the nature of this underlayer becomes more

visible; it is formation of planes which break up with sharp edges. The presence of only

the tetragonal phase in the X-ray data suggests that the planes are composed of this

phase, with the cubic (110) direction oriented out of the plane, and the islands in the

sample with Tdep = 650OC are of the cubic phase. The absence of ferromagnetism in the

650OC sample and the presence of only weak ferromagnetism in the high temperature

sample with Tdep = 800OC allow two conclusions. First, the islands of the cubic phase

are presumably non-stochiometric, and second even though the tetragonal phase in bulk

is known as ferromagnetic, with a Curie temperature of TC = 180 − 200K, ferromag-

netism is suppressed in our samples. Torija et al [41] identified the critical thickness

for strain relaxation in the system La1−xSrxCoO3 to be 180− 200Å, where an increase

in strontium content x increased the critical thickness only slightly. We could set an

upper bound of thickness of these samples at 277Å, knowing that the obtained values

for those samples are clearly smaller and the obtained underlayer for Tdep = 650OC

does not make up the entire thickness. Lee and Rabe [12] predicted that for compres-

sive strain of −0.7% ferromagnetism is completely suppressed. The lattice mismatch

between the substrate LaAlO3(001) and the tetragonal phase SrCoO2.82 is −1.2%, so

we suggest that the absence of ferromagnetism for Tdep = 650OC and the weak onset
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for Tdep = 800OC are strain effects. Furthermore, in the topographic structure of the

high temperature samples the planes break up and form sharp edges, this effect is a

possibility to relax strain.

Finally we make a few remarks on the sample that was annealed in oxygen after growth

at Tdep = 650OC. On annealing the cubic phase disappears and the islands turn more

into the tetragonal phase, showing correlation along the substrate (110) and (11̄0) di-

rections. The sample which was deposited at Tdep = 800OC and higher oxygen pressure

of 2.5mbar is in a cubic phase and has bulk-like ferromagnetic behavior with a Curie

temperature that suggests a composition of around SrCoO2.6, and a largely different

surface morphology than the one deposited at 2.0mbar oxygen. The small valleys that

are present in this sample may be attributed to relaxation of strain.



Chapter 6

Suggestions for Further Research

In this work we presented our results from epitaxial growth of strontium cobaltite

SrCoO3−δ in the form of thin films. The properties of the resulting phases vary strongly

with different growth conditions, but in section 5.5 a schematic of the behavior under

different deposition temperatures and annealing conditions was given. We presented

methods to estimate the amount of oxygen vacancies, for samples crystallizing in the

cubic direction by magnetometry, for those which follow the (110) direction of the sub-

strates based on X-ray diffraction. The main challenge in further research on this topic

will be to control the direction of crystallization and to reduce the amount of oxygen

vacancies.

Therefore we suggest a systematic approach, varying the different parameters. One ap-

proach is in the substrate itself, the substrate materials used in this project, SrCoO3(001)

and LaAlO3(001) both provide huge strain to SrCoO3, so a possibility is to use stron-

tium lanthanum gallate SrLaGaO4(001) substrates. Those are in tetragonal structure,

where in the (100) and (010) directions the lattice parameter is equal to 3.843Å, where

SrCoO3 is reported with a lattice parameter of 3.835Å and higher in the case of oxy-

gen vacancies being present. This substrate would provide tensile strain of only 0.2%.

Another possibility to relax strain is to increase the sputtering time, which would re-

sult in thicker films and could allow to better understand the crystallization procedure

and the occurence of the different phases that were described before. The investigated

samples are in thickness close to 200Å, which in a previous study on the related system

La0.5Sr0.5CoO3/SrT iO3(001) was determined to be approximately the critical thickness

60
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of strain relaxation [40]. For the sputtering conditions which yielded an out-of-plane

orientation that corresponds to the (110) direction of the cubic perovskite, it is possible

that the films grow more smoothly on a substrate which is cut in the corresponding

direction, to allow the film to better align with the substrate.

It was shown that post-growth annealing at high temperature (here at 650OC) changed

the crystallographic structure of the samples. In earlier works it was shown that the

oxygen content of polycrystalline SrCoO3−δ also increases during low-temperature an-

nealing in oxygen atmosphere at temperatures of 200OC − 400OC. So we suggest to

anneal films which crystallized in the desired overall structure at lower temperatures

in order to increase the oxygen content, since vacancy control is the main issue. High-

pressure annealing (> 10kbar) is another useful method, which in polycrystalline sam-

ples resulted in much higher oxygen contents, close to stochiometric strontium cobaltite

SrCoO3.

The effects of different oxygen pressures have not yet been investigated. Previous results

in the system LaxSr1−xCoO3 show an increase in oxygen content on the samples by

reduction of the oxygen pressure during the sputtering process, so this is another worth-

wile attempt. But overall, there are many unknowns and the properties vary largely. So

far the properties of thin films with composition LaxSr1−xCoO3 were largely studied

for x < 0.5, and the route of synthesis is well-known. Thus we suggest to build on

those results by steadily increasing the Strontium content, and observing the change of

properties of the obtained films.

This is an outline of which steps can be done, in order to obtain smooth films of stron-

tium cobaltite. This is the requirement before actually the predictions made by Lee and

Rabe [12] can be investigated, by measurements of magnetic properties and electronic

transport.
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