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SUMMARY 

From superconductors to exotic magnetic phases, cobalt oxides offer a fertile ground for 

the formation of unique phases involving a mixed valence state of cobalt and/or the 

presence of oxygen vacancies. Another aspect that distinguishes cobalt oxides from other 

3d transition-metal oxides is the accessibility of different spin states, such as low spin (LS), 

high spin (HS), and intermediate spin (IS). The presence of such spin states make the 

physics of the cobalt oxides significantly more complicated and as a results it has not yet 

been completely understood. In order to improve our understanding of the various phase 

transitions observed in cobalt oxides, and to comprehend the relationship between crystal 

and electronic structure, both high energy and high spatial resolution are essential. 

Fortunately, transmission electron microscopy (TEM) is a technique which is capable of 

fulfilling both of these requirements. In this thesis, I have utilized a combination of 

techniques in a scanning transmission electron microscope (STEM) to analyze the atomic-

scale structure-property relationship, both at room temperature and through insitu cooling 

to liquid nitrogen (LN2) temperature. In particular, by using correlated Z-contrast imaging, 

electron energy loss spectrum (EELS) and electron energy loss magnetic circular dichroism 

(EMCD), the structure, composition, bonding and magnetic behavior are characterized 

directly on the atomic scale. In this thesis, I mainly examined two groups of complex cobalt 

oxides, i) La1-xSrxCoO3 (for x=0.05, 0.17 and x=0.30) and ii) (Pr0.85Y0.15)0.7Ca03CoO3. 

In the La1-xSrxCoO3 related part, I found a Co-ion spin state transition in 5% doped La1-

xSrxCoO3 utilizing the change in the O K-edge pre-peak intensity through in-situ cooling 

experiments. On the other hand, for the 17% and 30% doped samples, the doping driven  
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SUMMARY (continued) 

spin state transition is dominant over the thermally driven spin state transition at low 

temperature.  

I also have shown that the CoO6 octahedral distortions can be measured using HAADF and 

ABF imaging. In La1-xSrxCoO3, increasing the hole doping changes the octahedral 

distortion, which can be seen as checkerboard pattern such that lowering the doping level 

increases the octahedral distortion. However, at high dopant level (x=0.3) the single crystal 

sample contains some areas where the distortions are strong but not well-ordered, while 

others show very little distortions. Additionally, the octahedral distortion found by ABF 

imaging is characterized by the atomic-column resolved EELS maps, where the oxygen 

displacement is directly measured.  

For critically doped La1-xSrxCoO3 (x=0.17), I investigated the chemical and magnetic 

sample inhomogeneities at room and liquid nitrogen temperatures, using the O and Co near 

edge fine structures. Finally, I applied the EMCD method to quantify the local magnetism 

in La1-xSrxCoO3 single crystal samples at low spatial, as well as high spatial resolution. On 

average, the samples characterized at low temperature and/or with high hole doping 

concentration exhibit a higher dichromatic signal. The spatial distribution of magnetic 

ordering of the 17% doped sample at room temperature is examined and the result 

suggested the coexistence of LS, IS and HS states. 

I also have investigated the valance state transition in (Pr0.85Y0.15)0.70Ca0.30CoO3, which has 

been reported to have a simultaneous metal to insulator transition (MIT) and a sharp drop 

in magnetic moment upon cooling as some fraction of the Pr ions increase their  
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SUMMARY (continued) 

oxidation state from 3+ to 4+. The Pr M edge fine structure is examined as a function of 

sample temperature to confirm the Pr oxidation state change. Since the Co L2 and L3 edges 

do not show any interpretable change during the cooling experiment, the O K-edge pre-

peak intensity is used to quantify the Co valance state. Using as set of Pr1-xCaxCoO6 

samples as a reference, I found that there exists a partial oxidation state transition of Co 

ions, such that during the cooling, the oxidation state of Co changes from ~+3.3 to ~+3. 

Furthermore, at room temperature, occasional structural modulation associated with 

oxygen vacancy ordering is observed. Below the transition temperature, these structural 

modulation disappear nearly completely which is interpreted as the diffusion of oxygen 

vacancies as the result of the charge transfer from Pr ions to Co ions. 

Finally, I presented experimental results showing that the EELS near edge fine structure 

varies in several 3d-transition metal perovskite oxides, such as (Pr0.85Y0.15)0.7Ca03CoO3, 

La1-xSrxCoO3, BiFeO3 and SrTiO3 as a function  of probe position, if it is smaller than the 

interatomic spacing. Except for SrTiO3, all the samples show changes in the white line ratio 

of the transition metals depending on the probe position within the projected unit-cell. 

These deviations suggest that the conventional way of quantifying the valence states of 

transition metal oxides using the white line ration is no longer valid when using small 

probes. This could be either due to channeling effects, or the fact that different initial states 

are measured when the probe moves of the column. However, it is not easy to get a 

definitive answer to that question and this subject needs significant additional theoretical 

calculations.  
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1  INTRODUCTION 

 

Having a wide range of fascinating physical properties, transition metal oxides have been 

studied for over half a century. However, our understanding of many of the physical 

properties exhibited by transition metal oxides remains incomplete. Amongst this large 

group of transition metal oxides, cobalt oxides can provide variety of applications such as 

gas sensors, solid oxide fuel cell, oxygen membrane, magnetic data storage, heterogeneous 

catalysis because of their diverse properties including ionic conductivity, thermo-

electricity, superconductivity, magnetic and insulator–metal transitions (IMT) and  

magnetoresistivity (MR). (1). Additionally, the several layered cobalt oxides generate the 

high thermopower which makes them to be considered as a feasible substitute to the 

traditional semiconducting thermoelectric materials (2, 3). 

In order to improve our understanding of the various phase transitions observed in Cobalt 

oxides and to comprehend the relationship between crystal and electronic structure, both 

high energy resolution and high spatial resolution are essential. Fortunately, transmission 

electron microscopy (TEM) is a technique which is capable of fulfilling both of these 

requirements. In this thesis, I have utilized a combination of techniques in a scanning 

transmission electron microscope (STEM) to analyze the atomic-scale structure-property 

relationship, both at room temperature and through in-situ cooling to liquid nitrogen (LN2) 

temperature. In particular, by using correlated Z-contrast imaging and electron energy loss 

spectroscopy (EELS), the structure, composition and bonding can be characterized directly 
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on the atomic scale. Light atoms, like H, O and C, can be directly seen using annular bright 

field (ABF) images.  

Cobalt, having several possible oxidation states, Co2+, Co3+ , and Co4+, offers a wide field 

for the creation of novel structures, involving a mixed valence or spin state of cobalt and/or 

the presence of oxygen vacancies. A specific property of cobalt oxides is the ability to 

adopt various spin states, such as a low spin (LS), high spin (HS), and intermediate spin 

(IS), as well as a temperature induced transition between those spin states. These spin states 

transitions are related to the competition between the crystal-field splitting (ΔCF) of the Co 

3d states into eg and t2g orbitals, which encourage the lower spin states, and the Hund’s 

exchange rule, which is responsible for higher spin configurations.  

LaCoO3-based perovskite oxides have been studied for decades, primarily due to their 

exceptional magnetic transitions which are related to changes the Co3+-ion spin states. Bulk 

LaCoO3 has a temperature dependent transition from a nonmagnetic to a semiconducting 

insulating state, which occurs below 100 K and another transition from semiconducting to 

metallic phase above 500 K.  The first magnetic transition is believed(4),(5),(6) to be due 

to a change in the Co3+-ion spin state from a low spin-LS (t 6
2g e0

g S=0) state to a 

combination of -HS (t4
2g e

2
g S=2) and LS states(7) or alternatively an IS  (t 5

2g e
1
g S=1) 

state(8, 9). The high-temperature transition stems from a change in the intermediate 

temperature Co3+-ion spin-state to the HS state. The possible spin state configurations of 

different Co ions are shown in Figure 1.  
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Figure 1 Possible Spin state configuration of Co with different d orbital electron population. 

 

 

To achieve magnetic ordering in LaCoO3, a change in grain size of powder samples(10), 

the application of epitaxial tensile strain on thin film sample via the properly chosen 

substrate(11),(12), the application of external pressure to bulk sample(13),(14) or hole 

doping with an alkaline rare-earth ion having a different ionic radius, such as Sr, has been 

previously suggested.  

The substitution of a divalent cations in LaCoO3, such as Sr2+, is of great scientific interest 

since it allows for the formation of a mixed Co3+, Co4+ valence state. La1-xSrxCoO3 have 
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been the object of numerous experimental studies, from Extended X-ray Absorption Fine 

Structure (EXAFS), Neutron Pair Distribution Function (PDF)(15), NMR(16),(17) , Small-

Angle Neutron Scattering (SANS)(18), and Inelastic Neutron Scattering (INS), to Electron 

Spin Resonance (ESR)(19). A detailed phase diagram as a function of doping concentration 

and temperature has been constructed based on these experiments (16) as shown in Figure 

2, where the blue line marks the expected  spin-state transition temperature seen in the 

hole-poor regions. As seen in Figure 2, there are five distinct magnetic phases as function 

of dopant concentration and temperature, namely, paramagnetic region, spin polaron 

region, which are nucleating around Sr dopants, a region with long range homogenous 

ferromagnetic ordering, an inhomogeneous ferromagnetic region and, finally, a spin glass 

region at low temperature. An Insulator Metal Transition (IMT), which is indicated with 

red dashed line, is also observed at x=0.17. 

However, there is no general consensus on the crystal symmetries of this family of 

materials. The rhombohedral 𝑅3̅𝑐 space group is claimed to be suitable symmetry for 

samples with higher Sr doping concentrations. (20, 21). On the other hand, the I2/a space 

group, which allows for Jahn–Teller distortions associated with the intermediate Co3+-ion 

spin state, has been reported for structures with broken symmetry in the CoO6 

octahedra.(22, 23)  

Moreover, a change in the lattice parameters and the CoO6 distortions affects the Co-O 

bond distance, the Co-O-Co bond angle, and ultimately the  magnetic ordering(24). 

Therefore, substituting divalent Sr2+ ions for trivalent La+3 ions does not only increase the 
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average Co oxidation state and spin states, but also changes the structure of CoO6 

environment which can directly alter the spin state and spin ordering of Co ions. Recently, 

first-principles calculations revealed that the cubic octahedral environment is more stable 

in magnetic states compared to the non-magnetic ones, while introducing rhombohedral 

distortion lowers the non-magnetic ground state energy and thus the insulating 

character.(25) 

 

 

Figure 2 The La1-xSrxCoO3 phase diagram. Adapted from (16). 

 

To date, it is generally accepted that with increasing Sr-doping concentration,  

La1-xSrxCoO3 changes its magnetic ordering from paramagnet to a ferromagnet (as shown 

in Figure 2). Additionally, at the low Sr doping concentration, Co ions undergo a thermally 

induced spin-state transition at low temperature, from higher spin states to low spin state. 
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As the Sr-doping concentration increases, spin polarons, which are caused by substituting 

divalent Sr2+ ions for trivalent La+3 ions, merge and form short-range FM clusters, since 

the neighboring mixed valance Co ions interact ferromagnatically via double exchange 

mechanism(17). At the critical doping of x≈ 0.17, the clusters percolate, leading to a 

crossover from a short- to long-range FM material. (26) The system simultaneously 

undergoes a percolative insulator-to-metal transition (IMT).(17) 

The goal of my thesis work is to address the following objectives related to the La1-

xSrxCoO3 system: 

 To investigate the spin state transition of La1-xSrxCoO3 at low temperature as a 

function of hole dope concentration. 

 To investigate the local CoO6 octahedral distortions. 

 To investigate the inhomogeneity of the Co oxidation state. 

 To determine the existence of a dichroic signal during cooling experiment and at 

room temperature. 

 To examine the spatially resolved spin-state map and determine the percolative 

nature of magnetism in critically doped La1-xSrxCoO3. 

The second kind of cobalt oxide studied in this thesis is (Pr1-yYy)0.7Ca0.3CoO3, which has 

been reported to have a simultaneous metal to insulator transition (MIT) and a sharp drop 

in magnetic moment upon cooling. The temperature dependence of the specific heat for  

(Pr1-yYy)0.7Ca0.3CoO3 as a function of Y doping is shown in Figure 3 (27) (28, 29) where 

the abrupt changes in specific heat stem from metal-insulator transitions. In general, for the 
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same amount of Ca content, the Y doping stabilizes the transition at higher temperature. 

(Pr1-yYy)0.7Ca0.3CoO3 appears to be the only system, where the Pr ions are observed to 

undergo a valance state transition from 3+ to 4+, which led to the speculation that the 

valance state was related to the trapping of holes in the Pr 4f O 2p hybridized orbitals.(30). 

A number of x-ray absorption experiments spectroscopy (XAS) measurements strongly 

suggest the transfer of electrons into the hybridized Co-O states. (31, 32) 

The crystal structure of (Pr1-yYy)0.7Ca0.3CoO3  has been described as an orthorhombic 

perovskite [with space group Pbnm (or equivalently Pnma)].(33) (34) (35) This symmetry 

allows for large CoO6 distortion which was claimed to be the reason for the observed MIT 

at high temperature (36). 

In my thesis, the following issues related to (Pr1-yYy)0.7Ca0.3CoO3 are addressed: 

 Low and room temperature local structural analysis using HAADF and ABF 

imaging. 

 Spatially resolved elemental map to investigate chemical inhomogeneities. 

 Investigating electronic and spin state transition through in-situ cooling below the 

MIT temperature.  

 Map the Pr valance state below the MIT temperature. 
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Figure 3 Temperature dependence of the specific heat of (Pr1-yYy)0.7Ca0.3CoO3 (y =0.0625−0.15) 

and Pr0.5Ca0.5CoO3. The critical temperatures of M-I transitions are marked. Adapted from (37) 

 

EELS allows us to identify the chemical composition of atomic column by probing the 

energy necessary for the excitation of an inner shell electron to unoccupied orbitals. The 

resulting EELS fine structure provides the local electronic structure information. With the 

development of aberration correctors in transmission electron microscope, sub-angstrom 

probe sizes are now possible, enabling us to investigate the intra-atomic regions of the 

crystal unit-cell. This is a very new concept which has not been accessible in the pre-

aberration corrector era of transmission electron microscope and which has a huge 

potential. Therefore, the final part of my thesis will try to answer the following question:  

 Is probing the oxidation state by using the white line ratio still valid when the probe 

size is small enough to map inter-atomic space? 
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The structure of this thesis is as follows: Chapter 2 introduces the basic theory behind the 

techniques used and describes the experimental methods employed in my PhD research. 

Chapter 3 focuses on the spin state transition of La1-xSrxCoO3 through the in-situ cooling 

experiments. In Chapter 4, the CoO6 octahedral distortions are quantified and the spatially 

resolved spin-state map of La1-xSrxCoO3 is studied. Chapter 5 focusses on the inter-atomic 

electron transfer and the associated changes in the local atomic structure of (Pr1-

yYy)0.7Ca0.3CoO3. In chapter 6, I will present an EELS investigation of several transition 

metal oxides with subatomic spatial resolution. Finally, Chapter 7 contains a summary of 

the results of this thesis. The implications of the work are discussed, and possible future 

work is outlined. 
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2  METHODS 

 

2.1.1 Introduction 

In this chapter, the methods and instruments used in my PhD research are described. 

Throughout this thesis, an aberration-corrected scanning transmission electron microscope 

(STEM) is used in an atomic-column resolved annular dark filed (ADF) and annular bright 

field (ABF) imaging mode which is combined with electron energy loss spectroscopy 

(EELS) as well as in-situ cooling, if necessary. For magnetic measurements, the electron-

loss magnetic circular dichroism (EMCD) method is applied at liquid nitrogen (LN2) and 

room temperature. (38-43)  

2.2 Transmission Electron Microscopy (TEM) 

Historically, Transmission Electron Microscope (TEM) was invented to improve upon the 

resolution of light microscope which was limited by the wavelength of visible light. In 

principle, a TEM provides an environment for a scattering experiment and allows for the 

detection of the outcome of such experiments using detectors similar to other quantum 

level, molecular, atomic and even sub-atomic probes, such as synchrotrons, particle 

accelerators etc. In a scattering experiment, three things should be provided, namely:  

 Incident beam (probe), 

 the interaction between the sample and the beam,  

 the detection or the detectors to identify the electron exit wave .  
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I will talk about these three parts from a TEM perspective. However, first I will introduce 

the optical components of the instruments.  

A TEM consists of three main components: an illumination system, an objective lens and 

sample stage, and an imaging system. The first, the illumination system, consists of an 

electron gun and a series of condenser lenses which focus the electron beam on to the 

specimen. These lenses can be configured to focus the beam to a point, as in a STEM, or 

into a parallel beam, as in a conventional TEM (CTEM). These two modes of operation 

are shown diagrammatically in Figure 4 a) and b) and the all the signals generated after the 

interaction is shown Figure 4c). In the conventional TEM (CTEM) mode, which is a wide-

beam technique, a close-to-parallel electron beam floods the whole area of interest and the 

image, formed by an imaging (objective) lens after the thin specimen, is collected in 

parallel. It is also consider as coherent imaging, where the interaction between the 

incoming electron wave and the potential of the nuclei in the specimen results in a phase 

shift of the incident beam at the exit surface, i.e., the object can be represented by a 

transmission function. (40)  On the other hand, the scanning TEM (STEM) uses a fine 

focused beam, formed by a probe forming (objective) lens before the specimen, to address 

each pixel in series as the probe is scanned across the specimen(44). If the diffracted beams 

do not overlap on the detectors, such as at higher angles, this kind of imaging is considered 

as incoherent imaging since each pixel in the final image stem from different interaction 

of incident beam and the specimen.  
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Figure 4  Optical diagram showing the operation of an electron microscope in a) parallel (CTEM), 

b) convergent (STEM) modes and the signals generated after the beam-sample interaction. Adapted 

fr(41). 

2.2.1 Probe  

The first component of a scattering experiment, in particularly in a TEM is the incident 

electron beam. Using even a "perfect" optical system, a point of light cannot be focused as 

a perfect dot. Instead, the image of the probe appear like an Airy disc, consisting of 

concentric circles with diminishing intensity. The intensity within the first minimum of the 

airy pattern contains approximately 84 percent of the luminous energy. Additionally, it is 

impossible to achieve absolute focus with any optical system, because of diffraction and 

interference effects. Diffraction occurs when a wavefront is impeded by any object: the 

edge of the lens area constitutes an object, as does any superimposed aperture. In particular, 

the circular aperture creates the probe with the airy disk shape. The imperfections or 

aberrations in the objective lens are the primary factor of limitation in the image resolution 

in CTEM, while in a STEM instrument, the resolution of the scanned image is determined 

largely by the size of the electron probe,(45) which is not affected by aberrations in the 
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imaging lenses as a conventional TEM is. Aberrations in the illumination system lenses, 

however, affect the size of the probe and so aberration correction of the illumination system 

is important for improving the resolution of STEM images.  

When the electron beam passes through real lens, the aberrations fall into two main 

categories. The first one is spherical aberration, in which off-axis rays are bent more 

strongly than those passing through the optical axis, causing a point to be imaged as a disk 

of finite size. The second type of aberration, chromatic aberration, is related to the energy 

of the electrons. The illumination is not actually monochromatic, but can have an energy 

spread of between 0.3 - 1.0 eV. Electrons with a lower energy will be bent more by the 

lens, leading again to a loss of resolution. If, for simplicity, we ignore all non-rotationally 

symmetric aberrations, the aberration function, which is conventionally expressed as a 

power series in angle θ, becomes 

 𝜒(𝜃) =
1

2
∆𝑓𝜃2 +

1

4
𝐶𝑠𝜃4 +

1

6
𝐶5𝜃6 +

1

8
𝐶7𝜃8 + ⋯ (2.1) 

 

where Δf is the defocus, Cs, C5 and C7 are the coefficient of third fifth and seventh-order 

spherical aberrations, respectively. All these variables have dimensions of length with 

positive values for a round magnetic lenses. In a microscope without an aberration 

corrector, the overriding term in the equation is Cs. (40) The effect of the geometric 

aberrations are the following. At different angles, the electron rays are brought  to different 

focus points along the optic axis, such a way that a lateral displacement in the Gaussian 
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focus plane is observed. The gradient of the aberration function gives the amount of 

sideways translation d as the following 

 𝛿(𝜃) = ∆𝑓𝜃 + 𝐶𝑠𝜃3 + 𝐶5𝜃5 + 𝐶7𝜃7 + ⋯ (2.2) 

 

The separate contribution of each term in Equation (2.2) on probe size can be seen in Figure 

5a) for an uncorrected probe as function of the semi-angle θ. The optimum probe sizes are 

labeled as A and B for corrected C3, and C5, respectively. For example, if one can correct 

up to C5, a ~0.5 Å probe size can be achieved as indicated by point B. In Figure 5b), a 

comparison of STEM probes with and without an aberration corrector at 100 keV can be 

seen. The uncorrected probe has Cs= 1.3 mm, Δf = 694Å and αmax= 10.3 mrad. The 

corrected probe has Cs= Δf = 0Å and αmax= 25 mrad, Both curves are normalized to have 

the same total (integrated) current. It is obviously seen that the advantage of aberration 

correction is not only a smaller probe, but also stronger peak intensity. In order to achieve 

a higher signal-to-noise ratio which provides imaging of individual atoms or 

nanostructures, it is very important.  

The current density per unit area and illumination semi-angle determine the brightness as 

the following 

 𝐵 =
𝐼

𝜋𝐴𝜃2
 2.3 

where I is the beam current, A is the area of the beam, θ is the illumination semi-angle. 
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Figure 5 a) STEM Probe size as a function of the aperture of semi-angle θ and the 

aberrations with the diffraction limit. The optimum probes are labeled as A and B for 

corrected C3 and C5 respectively. b) Comparison of STEM probe with and without an 

aberration corrector at 100 keV. The uncorrected probe has Cs= 1.3 mm, Δf = 694Å and 

αmax= 10.3 mrad. The corrected probe has Cs= Δf = 0Å and αmax = 25 mrad, Both curves 

are normalized to have the same total (integrated) current. Adapted from (40) 

 

The beam current density in the sample can be increased by a large aperture of the 

condenser lens or by using a bigger spot size. Increasing the spot size (spot number) leads 

to increased demagnification of the source and an increased current in the beam. 

Practically, this leads only a small portion of the emitted beam current to participate to the 

probe. In the limit, mathematically, zero beam current give us the ultimate spatial 

resolution. That is to say, the choice of probe size requires the balance between signal-to-

noise ratio and resolution. (40) 

 The electron Ronchigram, a shadow image, referring to the features at the center of the 

convergent beam electron diffraction (CBED) pattern, is formed by a focused and 
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stationary electron probe on preferably amorphous material.(46) The Ronchigram provides 

a convenient way for aligning a scanning transmission electron microscope (STEM). Up 

to now, all of the commercially available aberration correctors use Ronchigram as part of 

their alignment procedures (47, 48). The Ronchigram varies considerably with angle, and 

this variation is a very sensitive function of lens aberration and defocus ((49)) as shown in 

Figure 6, where Ronchigrams are recorded with a) an underfocus, b) optimal defocus and 

c) overfocus electron probe on an amorphous specimen when there is no astigmatism. The 

aberration free region is enclosed by the dashed circle at optimal defocus so that the 

condenser lens (CL) aperture can select this region to form an aberration free probe.  

Typical Ronchigrams are taken from the amorphous edge of a specimen, at a defocus, 

where the electron cross-over is at a large distance from the specimen along the optic axis 

and a projection image is observed (50). Axial astigmatism can be very accurately 

corrected by exciting the stigmator coils so that the Ronchigram features have six-fold 

symmetry as shown in Figure 6d), e) and f). Here, Figure 6d) shows induced vertical 

astigmatism, Figure 6e) shows no astigmatism and Figure 6f) shows induced horizontal 

astigmatism. (46) As the beam is focused, the center of the Ronchigram displays the infinite 

magnification. The coma-free axis is defined by the location of the Ronchigram center and 

all alignments, detector/aperture positioning are performed with respect to this spot.  

At large defocus, when a shadow image at low magnification is visible, Kikuchi lines are 

also seen on crystalline areas, which can be used to align the specimen’s orientation. If the 
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corrector is able to correct the higher order spherical aberrations the aberration free central 

area is expanded. 

 

Figure 6  Ronchigrams recorded with a) an underfocus, b) optimal defocus and c) overfocus 

electron probe on an amorphous specimen. The aberration free region is enclosed by dashed circle 

so that the CL aperture can pick that region to have aberration free probe. Correction of the 

astigmatism in STEM; d) induced astigmatism by x, e) no astigmatism and f) induced astigmatism 

by y. Adapted from (46) 
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2.2.2 Interaction 

After getting an aberration-free probe, the next important step in a TEM is the interaction 

between the incident beam, namely the probe, and the specimen. As shown in Figure 4c), 

the interaction creates different kinds of signal. After interaction with the local atomic 

potential, some of the incident electrons may be scattered by these interactions, changing 

the direction of their momentum and often transferring energy to the sample. Elastic 

scattering involves interaction with the atomic nuclei, and electrons can either be scattered 

through very high angles, if they approach close to the nuclei, or by small angles, if they 

pass further from the nuclei. Elastically scattered electrons typically lose negligible 

amounts of energy. On the other hand, inelastic scattering occurs when the electrons 

interact with the atomic electrons that surround the nucleus. This interaction can occur with 

inner-shell electrons, in which case the inner-shell electron can be promoted to an 

unoccupied state. The energy required for this is typically hundreds or thousands of 

electron volts (eV) and the incoming electron must lose this amount of energy in order to 

conserve total energy. The interaction can also occur with outer-shell electrons. Single 

electron processes typically involve inter-band transitions, for example between the 

valence and conduction bands across the band gap in a semiconductor or insulator. The 

amount of energy lost by the beam during the interaction after these excitations or the x-

rays created after the excitations can be used for chemical analysis. Electron energy-loss 

spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDX) measures these 

inelastic scattering events and will be discussed later.  
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In elastic scattering, the reciprocity theorem was introduced long time ago, which states 

that the electron intensities and ray paths in the microscope (including a specimen) remain 

the same if their direction is reversed and the source and detector are interchanged (i.e., the 

electrons trajectories and elastic scattering processes have time reversal symmetry).(51) It 

has been pointed out that this implies that bright field CTEM and bright field STEM should 

produce the same image(39, 52) regardless of the thickness of the specimen. The scattering 

stems from the coulomb interaction of the electrons with the atomic nuclei in the sample. 

The negatively charged incident electrons are merely deflected by the relatively high 

charge concentration in the nucleus due to the small mass of the electron when compared 

to the nuclei. However, the incident electrons can be scattered through angles of up to 180° 

while the majority of incident electrons are scattered forward by only a few degrees and 

thereby contribute to TEM bight field image formation. 

 

2.2.2.1 Diffraction 

The basic property of a crystal is that its inner potential, V(r), is periodic. We can, therefore, 

express this potential as 

 𝑉(𝑟) = 𝑉(�⃗⃗� + 𝑟) 2.4 

where �⃗⃗� represents any lattice vector of the crystal and, as usual, 𝑟 represents any real-

space vector. Similar to what occurs when waves are scattered from a diffraction grating, 

diffraction from a three-dimensional periodic structure, such as atoms in a crystal is called 

Bragg diffraction. It is a consequence of interference between different waves reflected 
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from different crystal planes. The condition of constructive interference is given by Bragg's 

law: nλ = 2dsin(θ), where λ is the wavelength, d is the distance between crystal planes, θ 

is the angle of the diffracted wave, and n is an integer known as the order of the diffracted 

beam. The scattering distribution is represented by the diffraction pattern. Figure 7 shows 

the incident beam, scattered by a set of lattice planes, forming a diffraction pattern. The 

process can be described mathematically by a Fourier transform and is fully reversible. 

One should keep in mind that Fourier transform of a real image possess more information 

than a diffraction pattern since Fourier Transform has phase information in complex space 

in addition to intensity at each diffraction spot. To understand why we use the reciprocal 

lattice, one should remember that we can always write Braggs law as 

 

2 sin 𝜃𝐵

𝜆
=

𝑛

𝑑
= |𝐾| 

2.5 

Thus the vector K is reciprocally related to d and vice versa.(53) In real space, we can 

define any lattice vector, rn, by the equation 

 𝑟𝑛⃗⃗⃗⃗ = 𝑛1�⃗� + 𝑛2�⃗⃗� + 𝑛3𝑐 2.6 

where n1 n2 and n3 are all integers and the vectors �⃗�, �⃗⃗� and 𝑐, are the unit-cell translations 

in real space. Similarly, any lattice vector, 𝑟`⃗⃗ ⃗, in reciprocal space can be written as 

 𝑟`⃗⃗ ⃗ = 𝑚1𝑎`⃗⃗⃗⃗ + 𝑚2𝑏`⃗⃗⃗⃗ + 𝑚3𝑐`⃗⃗⃗ 2.7 
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where m1, m2 and m3 are all integers and the vectors 𝑎`⃗⃗⃗⃗ , 𝑏`⃗⃗⃗⃗  and 𝑐`⃗⃗⃗ are the unit-cell 

translations in real space. The following equation gives the directions of  these new unit 

cell translation vectors as 

 𝑎`⃗⃗⃗⃗ =
�⃗⃗� × 𝑐

�⃗�  ∙  �⃗⃗�  ×  𝑐 
 

2.8 

In general, we can define any vector in reciprocal space in terms of the new unit vector. 

Particularly �⃗⃗� can be rewritten as  

 

 

Figure 7 a) The Incident beam scattered from the atomic planes creates the diffraction pattern. b) 

Diffraction pattern is a reciprocal space representation of the atomic lattice. The process can be 

undertaken mathematically by a Fourier transform  
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 �⃗⃗� = 𝜉𝑎`⃗⃗⃗⃗ + 𝜂𝑏`⃗⃗⃗⃗ + 𝜁𝑐`⃗⃗⃗ 2.9 

Here ξ, η and ζ ∈ ℝ. Now we can define an important reciprocal lattice vector, �⃗�hkl, as 

following 

 �⃗�ℎ𝑘𝑙 = ℎ𝑎`⃗⃗⃗⃗ + 𝑘𝑏`⃗⃗⃗⃗ + 𝑙𝑐`⃗⃗⃗ 2.10 

where h, k and l are all now integers and together define the plane (hkl). 

One special diffraction condition, which will be utilized during this thesis, should be 

mentioned here, namely two beam condition.  This condition can be achieved by tilting the 

sample, or the beam, slightly from a zone axis orientation to the direction where only one 

diffraction spot, namely g,  is excited in addition to the undiffracted beam. In the two beam 

condition, we can simplify the math of the scattering and diffraction process. Let`s assume 

that a plane incident wave, which has a wave function 

 

𝜓 = 𝜓0 𝑒
−𝑖2𝜋𝑘𝑟 

 

2.11 

is scattered by local atom where 𝜓0 is the amplitude and the 2𝜋𝑘𝑟 is the phase. For 

simplicity, we can apply particular initial conditions and simplify the wavefunction as the 

following: 

 

𝜓 = 𝜓0 sin (2𝜋𝑘𝑧) 

 

2.12 



24 

 

After elastic scattering, the wave function gets an extra phase φ and the total wavefunction 

becomes as follows: 

 

𝜓 = 𝜓0 sin(2𝜋𝑘𝑧 + 𝜑) = 𝜓0 [sin(2𝜋𝑘𝑧)cos (𝜑) + cos(2𝜋𝑘𝑧)sin (𝜑)] 

 

2.13 

If φ is small, we can take cosφ~1 and sinφ~φ. Then the total wavefunction can be written 

as  

 

𝜓 = 𝜓0 sin(2𝜋𝑘𝑧) + 𝜓0 𝜑 sin (2𝜋𝑘𝑧 +
𝜋

2
) 

 

2.14 

Therefore, the total wavefunction after scattering can be interpreted as linear combination 

of two wavefunctions, namely undiffracted beam and diffracted beam, which has a relative 

phase shift π/2 with respect to undiffracted beam. 

 

After incident beam and the interaction between the sample and the beam, I will next talk 

about the detection of the final states of the elastic and inelastic scattering experiment 

occurring in the electron microscope.  
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2.2.3 Detection 

2.2.3.1 STEM imaging 

Multiple signals can be acquired simultaneously in a STEM, including high angle annular 

dark field (HAADF) images, low angle annular dark field (LAADF) image, annular bright 

field (ABF) image and spectroscopic images using the inelastically scattered electrons. 

Figure 8a) gives a schematic representation of the direct and scattered beams emerging 

from the sample in a STEM. The direct beam is composed of electrons that emerge from 

the sample at relatively small angles. These electrons pass directly through the hole of the 

ADF detector and are detected using the BF detector directly behind. On the other hand, 

the electrons scattered from a heavier nucleus to higher angles, which is detected by an 

annular detector, called the high angle annular dark field (HAADF) detector. At high 

scattering angles, the cross section depends directly on the atomic number, Z, and images 

created by this signal as called Z-contrast images. 
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Figure 8 a) Schematic of the HAADF detector setup for Z-contrast imaging in a STEM. The 

conventional ADF and BF detectors are also shown along with the range of electron scattering 

angles gathered by each detector. b) Schematic diagram showing the setup of EELS data acquisition 

which indicates the convergence angle α, the collection angle β and the spectrometer entrance 

aperture. Adapted from (41). 

 

2.2.3.2 High-angle annular dark-field (HAADF) imaging 

The HAADF signal, typically spanning 80–200 mrad collection half-angle, is used to locate 

heavy atoms and to generate a map of the local atomic number. Additionally, the low-angle 

ADF signal (LAADF), typically 40 to about 80 mrad, can be used to probe elastic strains 

in crystalline samples. Decreasing the inner detector angle of the HAADF detector to 50 

mrad gives stronger signal from light atoms in ultra-thin samples. At sufficiently large 

inner detector angle, the intensity in the image is related to the local atomic column 

composition in a simple fashion, namely Zn, where Z is the atomic number and n is a 

constant ranging from 1.6 to 2 for different collection conditions [(54), (55)]. The HAADF 
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signal is incoherent and depends only atomic number of the illuminated atomic column. 

Therefore, the Z-contrast image contrast decreases monotonically with specimen thickness,  

only due to beam broadening,(56, 57) which makes them straightforward to interpret.(58), 

(59), (60), (61), (62). In contrast, the contrast in conventional phase contrast high-

resolution imaging consists of a combination of diffracted beams emerging from the 

sample, resulting in interference effects that depend on sample thickness and local defocus. 

CTEM images are not directly interpretable and extensive image modeling is required. 

Finally, using the same aberrations and acceleration voltage, the incoherent Z-contrast 

image can provide a ~30% better spatial resolution compared to coherent CTEM 

imaging(56). 

 

2.2.3.3 Annular Bright Field (ABF) imaging 

Light elements like oxygen, carbon, nitrogen, even hydrogen, are difficult to identify in 

HAADF images due to their low atomic numbers and screening effects from neighboring 

heavy elements. As discussed earlier, HAADF images shows atomic columns as bright 

spots over wide ranges of probe-forming lens defocus and sample thickness (63). On the 

other hand, traditional BF imaging suffers from contrast reversal due to changes in the 

phase of the exit wave which depends on the specimen thickness or objective lens defocus.  

ABF imaging it is a powerful complementary technique to HAADF imaging, since it 

allows for light elements to be imaged in a largely incoherent imaging mode. Moreover, 

the detector geometry allows for simultaneously data acquisition with HAADF images (64) 

(65-67). However, the ABF image is not as robust to defocus as to thickness. Figure 9 
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shows an ABF defocus-thickness map for SrTiO3 viewed along the [011] direction. This 

map shows range of images centered around zero defocus where the image contrast does 

not change as a function of sample thickness. However, the range of defocus values 

defining this band is very narrow, extending to around ±40 Å((66), (68)). Beyond that, the 

residual aberrations (Cs) create obvious image artifacts. Another problem one should 

consider is that ABF images are very sensitive to the relative detector position. If the ABF 

detector is not centered properly, especially for the light elements, there is an artificial 

displacement of the atomic positions of light elements, as seen in Figure 10. 

 

Figure 9 Simulated defocus-thickness map for ABF imaging of SrTiO3 viewed along the [011] 

orientation. Taken from (66) 



29 

 

 

Figure 10 Middle angle bright Field (MaBF), ABF and the difference between the ABF and MaBF 

images( eABF) images of LaAlO3 in [001] orientation for different thicknesses, exploring the effect 

of miscentering the detectors. The first row assumes perfectly centered detectors, while the second 

and third rows assume displacements of magnitude 4 mrad and 8 mrad, respectively. Taken from 

(69) 

Next, I will discuss inelastic scattering, which can be utilized for elemental chemical maps 

and for acquiring information about the local density of states.  

2.2.3.4 Inelastic scattering and electron energy-loss spectroscopy 

Inelastic scattering is the foundation for electron energy-loss spectroscopy in a 

transmission electron microscope. As the beam of electrons passes through the sample, 

inelastic interactions occur with the inner shell core and outer shell atomic electrons. An 

incident electron with an initial energy E0 and momentum P0 can be scattered through a 

characteristic angle θ losing momentum ΔP and energy ΔE as it passes through the sample. 

As the initial beam energy was known, the amount of energy lost in the sample can be 

determined for each electron. An analysis of this distribution can yield information about 

the chemical composition since the excitations of electrons from the inner shell to outer 

unoccupied shells require well-known energies that depend on the particular element and 

bonding.  
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The main limitations of the accuracy of EELS is that we assume the incoming beam from 

the electron gun is mono-energetic, so that we can subtract the final energy from the initial 

one and we also assume that each incoming electron inelastically scattered by the atomic 

orbitals once. The first problem can be solved by a better gun, such as cold field-emission 

or monochromatic electron source. (70) However, even with commercially available TEM 

monochromators, the energy resolution is still not good as that achieved in EXAFS. (71) 

Using a cold field-emission gun, 0.35 eV energy resolution at 200 KV can be achieved 

while a monochromatic corrector can push the resolution up to 12 meV at 60 kV. (70) To 

avoid the second problem, namely multiple scattering, one needs to have samples thin 

enough. 

Another thing to consider for EELS data acquisition is the convergence  

semi-angle, α, and the collection semi-angle, β, as seen in Figure 8b). The detailed intensity 

variations in the spectrum depend on the range of electron-scattering angles gathered by 

the spectrometer. Experimentally, the scattered electrons distribute wider when the 

collection semi-angle, β is equal to or smaller than α, This condition may lead a limitation 

in  the accuracy. To avoid this, the collection angle β should be large enough. The collection 

angle β can be adjusted by changing the camera length or using different size of the 

spectrometer entrance aperture. On the other hand, a large entrance aperture, while it results 

in high spectrum intensity, will also degrade the energy resolution as a result of residual 

spectrometer aberrations at high angles. There is a characteristic or most probable 

scattering angle, namely θE=Eedge/2E0, where Eedge is the specific energy loss and E0 is 



31 

 

energy of incoming beam. Using an entrance aperture large enough to satisfy β > 2·θE 

provides scattering angle independent spectrum (41) 

. 

 

Figure 11  Cross-section through an EELS spectrometer. Adapted from (41) 

 

2.2.3.5 The EELS Spectrometer 

The cross-section of an EELS spectrometer is shown in Figure 11. Starting from the top of 

the diagram, multiple entrance apertures with different sizes (in general from 1 mm to 5 

mm) can be used to limit the collection angle and also to lower the aberration. Due to the 

complex arrangement of the electron optical lenses, the spectrometer also suffers from lens 

aberration similar to those discussed earlier for the probe forming illumination system. The 
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proper aperture size will serve to limit the angle subtended by the spectrometer with respect 

to the objective lens cross over and thereby minimize the effects of aberrations on the 

spectrometer resolution. Generally, the energy resolution will increase with decreasing 

entrance aperture diameter. However, decreasing the size of entrance aperture will also 

increase the noise content in the spectrum due to the low electron intensity. The addition 

of quadrupole lenses at the exit side of the spectrometer allows us to vary the dispersion 

electronically. The electrons with different energy are dispersed in the magnetic prism 

according to the electron energy by using the QX, QY, SX, SY alignment coils and then 

focused into different lateral positions in the image plane defined by the optical system 

behind the prism. The quadrupole lenses can be used to focus the dispersed electrons onto 

a fiber-optically coupled yttrium aluminum garnet (YAG) scintillator. The kinetic energy 

of the fast electrons is absorbed by the scintillator materials and converted to visible or 

ultraviolet light. When the light strikes the charge-coupled device (CCD) surface and the 

counts are periodically read into a computer by the Digital Micrograph software package, 

which is used to control the automatic EELS acquisition, including qualitative and 

quantitative analysis.(72) 

 

2.2.3.6 Spectrum imaging 

In STEM mode, the fine probe scans across the sample while at each pixel the transmitted 

beam is passed through a spectrometer and a complete spectrum can be recorded. The 

spectrum image cube is then constructed column-by-column, as seen in Figure 12. This 
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way, imaging and EELS spectroscopy can be performed simultaneously using the ADF 

detector. Additionally, this allows for spectra to be compared directly to images, but it also 

provides a means for recording, correcting sample drift and improving spatial resolution. 

On the other hand, because of the strong focused beam to a point, the beam damage can be 

more significant. 

 

Figure 12 A spectrum image with x and y dimensions corresponding to the spatial dimensions in 

the sample and the z dimension (dE) being to the energy loss. Each column of pixels contains an 

entire energy loss spectrum and by scanning through the spatial x and y directions builds up the 

entire spectrum image in STEM mode  

 

2.2.3.7 Electron Energy Loss Spectroscopy  

The EEL spectrum can be sub-divided into three regions corresponding to different forms 

of excitation namely the valence band (low loss) region, the core loss (high loss) region 

and the zero loss peak. A characteristic EEL spectrum is seen in Figure 13. If the 

microscope gun creates a beam with 200,000 eV energy, the strongest peak, “zero-loss 

peak”, is the result of the inelastically scattered electrons which do not lose any energy 

while passing through the specimen where the energy resolution can be found by the 

sharpness of this peak. The next feature is the “first plasmon peak,” triggered by the 
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excitation of one plasmon in the sample at the energy loss E = 25 eV, which is detected by 

the electrons hitting the detector with energies of 199,975 eV. Increasing the thickness of 

the specimen may lead multiple scattering which excites multiple plasmons and peaks at 

multiples of 25 eV. The next feature is a Ni M23 absorption edge caused by the excitation 

of 3p electrons out of Ni atoms at 68 eV is not a plasmon peak, but rather a core loss. 

Another core-loss excitation is O K absorption edge at 532 eV caused by the excitation of 

1s electrons to unoccupied orbitals above Fermi level. The background in the EEL 

spectrum falls rapidly with energy (power law). At 855 eV, another excitation of Ni, the 

excitation of 2p3/2 electrons to outer empty orbitals can be seen in Figure 13 which is called 

the L3 edge. Similarly, the next edge at 872 eV, namely, L2 edge stems from the excitation 

of 2p1/2electrons out of the atom. These two peaks are called white lines and these 

excitations are very typical for transition metals. 

Ionization edges are characteristic for each element, and depend on the crystallographic 

orientation or specific bonding state of the atoms. Moreover, the ionization edges display 

fine structure, known as energy-loss near-edge structure (ELNES), which can be explained 

in terms of the density of states (DOS) of the atom. The inner shell electrons do not excite 

to the empty outer orbitals with equal probabilities. Some available outer orbitals can be 

filled easier than others because of the higher number of  states within certain energy ranges 

than in others. Therefore, the density of states (DOS) is the distribution of unfilled energy 

levels. The greater ELNES intensity is the indication of the greater probability of electrons 

exciting into certain unoccupied states, high DOS regions, above EF. (In in Figure 14. EF 

can be considered as the critical ionization energy E.)(41) 
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In transition metals and rare-earth metals which have high DOS just above the Fermi level, 

excitation into empty d- and f –states creates sharp features unlike many other  absorption 

edges. This sharp features are the result of the dipole selection rule which dictates that the 

change in the angular momentum must be l=±1ħ. Because of the dipole selection rule, the 

intense white lines at L23 edges of transition metals with empty d-states, is observed which 

include transitions from core p-electrons, unlike L1 edges, which involve excitations from 

s-electrons(38). 

 

Figure 13 The relationship between the energy levels of electrons and the energy-loss spectrum 

is shown. The more energy is required to excite the electrons in the deeper potential well. The ZLP 

is above EF, and the plasmon peak is at  the conduction/valence bands To excite  the electron from 

a particular inner shell, a critical ionization energy should be provided such as Ni L: 855 eV and O 

K: 532 eV. Adapted from (41) 
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Figure 14 Relationship between the empty DOS and the ELNES intensity in the ionization edge 

fine structure. Adapted from (41) 

 

2.2.3.8 Valance and Magnetic measurement in EELS 

Since EELS probes the unoccupied orbital just above the Fermi level, any change on the 

Fermi surface, stemming from structural, electronic or magnetic changes, can be seen in 

the EELS signal. As a result, a plethora of information can be obtained from the 

dependence of the inelastic signal as a function of specimen orientation, and from the 

angular dependence of scattering. (73-75) 

In this thesis, I concentrate on valance state and spin state transitions in transition metal 

oxides (76-79). For examples, in EELS, the Pr valence state can be determined using the 

M5 edge at 931 eV, and the M4 edge at 951 eV. More specifically, the fine structure in Pr3+ 

has a clear bump before M4 edge. As the oxidation state of Pr increases this bump gets 

weaker and eventually disappears as the Pr valence state approaches 4+.(26)  



37 

 

Another very common method to determine the valance state of transition metals is the 

white line ratio. Transition metal L2 and L3 edges stems primarily from transitions of 2p3/2 

and 2p½ core-shell electrons into unoccupied 3d orbitals such that 2p core hole which has 

an orbital angular momentum L=1 which then couples to the spin angular momentum 

S=1/2 to produce J = 3/2 and J=1/2 final states which are directly observable in the L-edge 

spectrum as the two main peaks namely L3 and L2(80). Moreover, L3/L2-ratios can identify 

different oxidation states. If one considers only the occupancy of the initial states, then 

L3/L2-intensity ratio, white line ratio, should always be two, namely 4/2=2. On the other 

hand, as a result of spin-spin coupling, the occupancy of the final 3d orbital alters the 

probability for the 2p3/2→3d and 2p1/2→3d transitions, respectively, and therefore, results 

in different L3/L2-ratios for different oxidation states. For different transition metals, the 

white-line ratio across the 3d series increases with d occupancy when nd<5, and decreases 

when nd>5,(79) as shown in Figure 15a). However, the corrected white line ratio and the 

d orbital population have an inverse relationship, as shown in Figure 15b). Another very 

interesting feature in transition metal oxides is shown in Figure 15c) (81). As the valance 

state of Co increases, the white line ratio shows an exponential decrease. However, results 

shown at the end of this thesis begin to cast some doubt on this traditional analysis of the 

transition metal valence using the white line ratio if an electron probe is used that is smaller 

in diameter than the interatomic spacing. It appears that the white line ratio depends very 

sensitively on the electron probe position and a detailed description of this new 

phenomenon is given in Chapter 6 of this thesis.   
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Figure 15 Energy-loss spectra of the transition-metal L2,3edges from a) a series of transition-metal 

oxides and b) Normalized white-line intensity for a series of transition metals vs averaged d 

occupancy ,adopted from (79). Plots of the intensity ratios of L3/L2 calculated from the spectra 

acquired from: c) Co compounds as a function of the cation valence. A nominal fit of the 

experimental data is shown by a solid curve. Adopted from (81) 

 

2.2.3.9 Electron Energy-Loss Magnetic Circular Dichroism (EMCD) 

When an atomic electron is excited by an electron beam, the excitation occurs from filled 

inner shell orbitals to unoccupied outer shell orbitals above the Fermi level. With the proper 

detection ability, we can now probe the states above Fermi level or the occupied outer shell. 

If we had control over additional incident beam properties, such as angular momentum, 

spin, helicity, it would be possible to study properties of the initial state of the specimen. 
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One good example is x-ray magnetic circular dichroism (XMCD) spectroscopy, which 

probes spin and orbital quantum numbers in such a way that two photon beams having 

opposite circular polarization are used in a magnetic field. In transition metals, the d 

valence shell can hold up to 10 electrons, which are filled up to the Fermi level and the 

number of filled states is therefore 10–N, where N is the number holes. For a magnetic 

material the d shell has a spin moment which is given by the imbalance of spin-up and 

spin-down electrons or equivalently (except for the sign) by the imbalance of spin-up and 

spin-down holes. Since spin flips are forbidden in electric dipole transitions, spin-up (spin-

down) photoelectrons from the p core shell can only be excited into spin-up (spin-down) d 

hole states, in order to measure the difference in the number of d holes with up and down 

spin, we need to make the x-ray absorption process spin dependent. This is done by using 

right or left circularly polarized photons which transfer their angular momentum to the 

excited photoelectron. The photoelectron carries the transferred angular momentum as a 

spin or an angular momentum, or both. If the photoelectron originates from a spin-orbit 

split level, e.g. the p3/2 level (L3 edge), the angular momentum of the photon can be 

transferred in part to the spin through the spin-orbit coupling. Right circular photons (RCP) 

transfer the opposite momentum to the electron as left circular photons (LCP) photons, and 

hence photoelectrons with opposite spins are created in the two cases. Since the p3/2 (L3) 

and p1/2 (L2) levels have opposite spin-orbit coupling, the spin polarization will be opposite 

at the two edges. If we subtract the edge intensity of both spectra, the XMCD signal can be 

acquired as seen in Figure 16.(82)  
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Figure 16 a) Electronic transitions in conventional L-edge X-ray absorption, (b) and (c) X-ray 

magnetic circular dichroism, illustrated in a one-electron model. The transitions occur from the 

spin-orbit split 2p core shell to empty conduction band states above the Fermi level. In conventional 

X-ray absorption the transition intensity measured as the white line intensity IL3+IL2 is proportional 

to the number of d holes, N. By use of circularly polarized X-rays the spin moment (b), and orbital 

moment (c), can be determined from the dichroic difference intensities A and B. Adapted from (82) 

In light optics, creating circular polarized beam is trivial. However, in electron microscopy 

we need to follow a harder path to achieve the polarized electron beam with nonzero 

angular momentum. One way to do it is by using an electron vortex beam aperture which 

generates an electron beam with a phase singularity propagating in free space, by passing 

a plane electron wave through a spiral phase-plate.(83) However, this method lowers the 

beam current dramatically and it has been reported that the dichroic signal is undetectable 

for nanoparticles smaller than ~1 nm (84). Another alternative approach has been recently 
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explored, using an aberration corrector to manipulate  the rotational symmetry of the 

electron probe phase to obtain an EMCD signal (85). The method I will use in my PhD 

research is different from either approach and was  introduced by Schattschneider (86). 

The conditions required by circular polarization are i) two coherent, ii) mutually 

perpendicular electron beams where the phase is iii) preferably shifted by π/2. Using a 

sample in the two beam condition, two diffraction vectors are excited, namely the central 

[000] spot and the first diffracted spot g with a phase shift π/2, as seen in Figure 17. The 

area labeled -1 on the Thales circle is the spot where there are contributions from non-

diffracted central spot, (000), q1, and from the diffracted spot, q2, are mutually orthogonal 

in momentum space. At this particular spot, the incoming beam acts like a circularly 

polarized beam, as seen in Figure 17b), since the momentum transfer vectors, which are 

parallel to electric field, are perpendicular and we can assume that they have a phase shift 

of π/2, as discussed in chapter 2 with a simplest model. On the other hand, if we move to 

opposite side on the Thales circle, the +1 position, everything but the directions is the same 

which makes the beam acts like having opposite circular polarization. The magnetic signal 

is contained in the  difference of the L edge intensities which are acquired from these two 

spots. In order to substract two spectra properly, first, the background signal at the pre-

edge region should be subtracted from both spectra in a same manner. Background signal 

generally looks like the power-law function of AE-r, in which E represents the energy loss, 

A and r are the fitting parameters. After two spectra are normalized, by the integration of 

the intensity in a post-edge window, they can be subtracted from each other to get the 

proper EMCD signal.  
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In addition to simplest model, suggesting scattering electron beam from a single electron 

as discussed in Chapter 2, more realistic model suggests a more complicated situation for 

EMCD signal intensity. In the Bloch wave approach, the intensity of the diffraction spots 

oscillates over the thickness of the specimen as a result of overlapping Bloch waves, which 

changes the expected phase shift. To understand the effect of the thickness and the tilt 

angles, the EMCD signal intensity is calculated by using the Bloch wave simulation code 

developed  by Löffler and Schattschneider (87).   The EMCD signal as a function of 

thickness of La0.7Sr0.3CoO3 in two beam condition which is achieved by tilting the sample 

from pseudo-cubic [011] zone axis through the direction of pseudo-cubic [21̅1] orientation 

is shown Figure 17d). Taking into consideration of the minima at the thickness around 30 

nm, we can achieve to acquire dichromatic signal for this particular sample. 

 

Since the first paper by Schattschneider, several other EMCD geometries have been 

suggested, such as the 3 beam symmetric case (88), the energy spectroscopic diffraction 

(ESD) (89), (E,q) spectra, (90), LACDIF (Large-Angle Convergent DIFfraction) (91), and 

STEM EMCD.(92) The general principle of all those methods is, however, the same. (42) 
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Figure 17 EMCD standard geometry. Adapted from [42]. 

 

2.3 JEOL JEM-ARM200CF 

The JEOL JEM-ARM200CF is equipped with a spherical aberration corrector for the probe 

forming electron optical system, which now routinely provides an image resolution of 70 

pm spatial resolution. The cold field emission electron source allows for a 350 meV energy-

resolution in the energy range between 80-200 kV, using a 1 µA beam current and the 
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Gatan Enfina post-column EELS spectrometer. For EDX analysis the JEOL ARM200CF 

is equipped with a windowless Oxford X-max 100TLE SDD X-ray detector. Five different 

STEM image detectors allow for simultaneous acquisition of HAADF, LAADF and ABF 

images. Figure 18 shows an ABF image of La0.95Sr0.05CoO3 in the pseudo-cubic [110] 

orientation, and the corresponding FFT as an insert, which clearly contains the [1̅15̅] peak, 

corresponding to a spatial resolution of 89 pm. 

 

Figure 18 ABF image of La0.95Sr0.05CoO3 in pseudo-cubic [110] orientation taken at JEOL JEM-

ARM200CF at UIC with FFT inserted where [ �̅� 1 �̅� ] spot is visible 
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2.4 Cooling stage 

For in-situ cooling experiments, the Gatan Liquid Nitrogen (LN2) double tilt sample stage 

is used, while maintaining atomic-resolution imaging conditions at liquid nitrogen 

temperatures. The Gatan 636 cold stage is cooled using a well-insulated liquid nitrogen 

dewar. Precise temperature control of the specimen is achieved through a conductor rod 

connecting the specimen holder to the LN2 dewar. Excellent thermal contact between the 

specimen and the beryllium specimen cradle is achieved using beryllium washer. For better 

stabilization, the dewar needs to be connected to vacuum pump and baked at 373 K for two 

hours to reach low pressure of dewar insulation before the holder is installed to microscope. 

Prior to image acquisition, the LN2 holder was allowed to stabilize for 4-5 hours to reach 

thermal equilibrium after initial cooling. The lowest temperature indicated by the thermo-

couple of the double tilt holder is 85 K. Due to the thermal instabilities and sample drift, 

any experiment between room temperature and that minimum temperature is extremely 

difficult to achieve. Atomically resolved images can only be acquired if the samples are 

allowed to reach thermal equilibrium. 
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3  SPIN STATE TRANSITION OF La1-xSrxCoO3 

 

Primarily due to their exceptional magnetic transitions which are related to changes in 

the Co3+-ion spin states, LaCoO3-based perovskite oxides have been studied for a long 

time. More specifically, bulk LaCoO3 shows two temperatures dependent transitions 

occurring below 100 K and above 500 K.  Below 100 K, bulk LaCoO3 exhibits 

nonmagnetic behavior while after the first transition it becomes a semiconducting insulator 

and after the second transition above 500 K, it turns metallic.(4, 93) Both transitions are 

believed to be the result of changes in the Co-ion spin states. These spin states transitions 

are related to the competition between the crystal-field splitting (ΔCF) of the Co 3d states 

into eg and t2g orbitals, which encourages the lower spin states, and the Hund’s exchange 

rule, which is responsible for higher spin configurations. The first magnetic transition is 

believed(4),(5),(6) to be due to a change in the Co3+-ion spin state from a LS (t 62g e
0

g S=0) 

state to combination of the HS (t4
2g e

2
g S=2) and LS states(7) or alternatively an IS (t 5

2g 

e1
g S=1) state.(8, 9),(94) The high-temperature transition stems from a change in the Co3+-

ion spin-state to a HS state. Due to the relatively small difference between the crystal-field 

splitting energy (ΔCF) and the intra-atomic Hund`s rule exchange energy, magnetism can 

be tuned in various ways including: i) changing the grain size of powder sample(10), ii) 

epitaxial tensile strain via the properly chosen substrate,(11, 12) iii) external pressure(13, 

14) or iv) doping with an alkaline rare-earth ion, such as Sr, having a different ionic radius.  
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Bulk La1-xSrxCoO3 (LSCO) has been intensively studied by various techniques, such as 

extended x-ray absorption fine structure (EXAFS), Neutron Pair Distribution Function 

(PDF)(15), NMR(16, 17), Small-Angle Neutron Scattering (SANS)(18), and Inelastic 

Neutron Scattering (INS), Electron Spin Resonance (ESR)(19). It was reported that with 

increasing Sr-doping concentration, La1-xSrxCoO3 changes from a non-magnetic insulator  

which undergoes a thermally induced Co3+ ion spin state transition at low temperature, to 

a spin glass at low Sr-doping and a ferromagnet at higher doping. As the Sr-doping 

concentration increases, spin polarons which are caused by substituting divalent Sr2+ ions 

for trivalent La+3 ions merge and form short-range FM clusters, since the neighboring 

mixed valance Co ions interact ferromagnatically via double exchange mechanism(17). At 

the critical doping of x≈ 0.17, the clusters percolate, leading to a crossover from short- to 

long-range FM and the system simultaneously undergoes a percolative insulator-to-metal 

transition (IMT)(17).  

Using EXAFS and neutron PDF measurements, Sunduram et al.(15) reported large 

Jahn-Teller distortions of the Co-O bond in Sr-doped LaCoO3 samples with doping 

concentrations as high as 35%. However,   intermediate spin states, corresponding to the 

presence of singly occupied Co eg orbitals was not observed.  Smith at al(16, 17) utilized 

NMR and theoretical modeling to show that the Co ion spin state transition coincides with 

nanoscale hole–poor regions of the inhomogeneous doped LaSrCoO3. For lightly hole 

doped LaCoO3, Podlesnyak et al(19)  conclude that INS, ESR and NMR data provide 

evidence for two regimes, one dominated by spin polarons at low temperature and one by 

thermally activated magnetic Co3+ dominated at higher temperature. However, all these 
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studies mentioned above rely on probe sizes that are significantly larger than the nano-

scale feature they are trying to characterize. Aberration corrected transmission electron 

microscopy can provide sub-Angstrom spatial resolution with in-situ cooling capabilities 

and sufficient energy resolution to resolve the local doping and spin state variations. 

Recently, atomically resolved Z contrast imaging combining with EELS has been used 

to examine electronic and magnetic properties of epitaxial LaCoO3 thin films (95),(95, 96). 

For example, Kwon et al.(95) and Biškup et a(96)l report the presence of a superstructure, 

which shows itself as dark stripes, is found in epitaxially strained LaCoO3 thin film grown 

on SrTiO3 substrate. Using EELS of the cobalt L-edges and oxygen K-edges, Kwon et al.16 

conclude that the superstructure is caused by cobalt spin state ordering rather than the 

oxygen vacancy ordering previously reported in SrCoO3,(97) as well as strained LaCoO3. 

However, both oxygen vacancies and changes in the Co-ion spin states result in similar 

changes in the oxygen K-edge fine-structure and a systematic study of the effects of hole 

doping on the local Co-ion spin state transition has not yet been reported. Moreover, the 

effects of hole doping on the O K-edge pre-peak intensity, as well as the local Co-ion spin 

state will lay the foundation for any future work focusing on the spatial distribution of 

magnetic clusters near the critical hole doping concentration of 17%.  

In this part of my thesis, I use high-angle annular dark field (HAADF) imaging in 

combination with electron diffraction, angular-resolved EELS, and in situ cooling 

experiment in an aberration-corrected scanning transmission electron microscope (STEM), 

the UIC JEOL ARM200CF, to study LaCoO3 single-crystals with 5%, 17% and 30% Sr 
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doping. I will demonstrate that by using these techniques which provide local probe, only 

La0.95Sr0.05CoO3 single-crystal samples exhibits the signs of a low temperature spin-state 

transition upon in-situ cooling that was previously observed in NMR measurements of spin 

relaxation rates.(16)  The JEM-ARM200CF is equipped with a probe aberration corrector, 

a cold field emission source allowing for 0.35eV energy resolution and a Gatan Enfina 

electron energy loss spectrometer. The in-situ cooling experiments are performed by using 

the Gatan double-tilt liquid nitrogen (LN2) cooling stage (model 636 cryogen). During the 

cooling experiment the sample experiences spacial drifting and other mechanical 

instabilities. The objective lens creates a local magnetic field of several Tesla and will 

contribute to spin alignment of the sample during the STEM measurements.  

Figure 19 shows selected area electron diffraction patterns (SADP) taken from the three 

different samples in the [110] orientation at room and LN2 temperatures. The effects of in-

situ cooling are shown in green and red for room and LN2 temperature, respectively, with 

the overlap region shown in white and the background in blue. None of the samples are 

found to have any kind of structural phase transition during cooling experiment. The 5% 

and 17% doped samples show an isotropic increase in the diffraction 
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Figure 19 Combined selected area diffraction pattern (SADP) of La1-xSrxCoO3 at room temperature 

(RT) in green color and liquid nitrogen temperature (LNT) in red color after in situ cooling in [011] 

direction a) for x=0.30 b) x=0.17  and c) x=0.05. d) SADP of three samples combined in room 

temperature in same orientation where x=0.30, x=0.17 and x=0.05 are shown in red, green and blue, 

respectively. 

 

patterns at low temperature, corresponding to an overall shrinkage in crystal structure 

volume, while the 30% Sr-doped sample shows no detectable change in the diffraction 

patterns.  A comparison of the diffraction patterns for all three doping concentration at 

room temperature is also shown in Figure 19d) and reveals that the overall unit cell volume 

increases with the increase in Sr-doping from 5% to 30%. This is consistent with previous 
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reports for the parent LaCoO3 and different amount of Sr doping concentrations.(98), (99), 

(100)  

 

Figure 20 HAADF images taken at [110] pseudo cubic orientation at LNT at the top and HAADF 

images taken at RT in the bottom in the same orientation are shown for x=0.30, x=0.17 and x=0.05 

respectively. 

 

Atomic-resolution high-angle annular dark-field (HAADF) STEM images of single 

crystal La1-xSrxCoO3 in the pseudo cubic [110] orientation are shown in Figure 20, both at 

room temperature and at liquid nitrogen temperature (LNT). Since the HAADF image 

contrast is highly sensitive to atomic columns with higher Z elements, imaging of oxygen 

columns cannot be achieved due to its low atomic number and screening effects of heavier 

neighboring atoms. In Figure 20, the lower image intensity stems from the Co atomic 
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columns while higher intensity columns consist of La\Sr atoms. The image resolutions 

appear worse during in-situ cooling due to mechanical instabilities associated with LN2 

boiling off and spatial sample drift. For x=0.05, I show a TEM high-resolution phase-

contrast image instead of a HAADF and the Co column not resolved here. In the single 

crystal samples studied here, I do not observe any superstructure at either room temperature 

or at low temperature, such as darker or lighter stripes which were reported earlier for 

LaCoO3 thin films on different substrates due to the presence of spin state or vacancy 

ordering. However, having extra spots at diffraction pattern at [
1

2
−

1

2

1

2
] in the pseudo-cubic 

directions for all doped samples (as seen in Figure 19 at both temperature and low 

temperature) can be interpreted as a modulation in the size of unit cell in the pseudo cubic 

[110] orientation as the result of CoO6 octahedral distortion. Since TEM and HAADF 

imagining techniques used here are not sensitive to imaging light elements, such as oxygen, 

I will not able to confirm or quantify this distortion. However, I have not observed any 

structural symmetry change as a function of temperature other than the overall decrease in 

unit cell volume based on our electron diffraction analysis.  

It has been shown that EELS  of the O K-edge can be utilized to measure the Co-ion 

spin-state transitions by quantifying the O K-edge pre-peak intensity(9). In addition, the 

transition metal  L2 and L3 edges, which are results of transition of an electron from the 

transition metal 2p states to unoccupied 3d orbitals,  can be utilized to determine the 

occupancy of the transition metal 3d orbitals.(101) (12) While the L3 /L2 intensity ratio, or 

so called white line ratio, is an indication of valance states of Co atoms, the energy 
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resolution of non-monochromated electron guns is not sufficient to resolve changes due to 

spin-state transitions of the Co ions. X-ray absorption spectroscopy has demonstrates the 

ability to resolve those changes, but suffers from significantly lower spatial resolution. (7) 

Error! Reference source not found. shows the EELS of single-crystal La1-xSrxCoO3 

samples oriented in the pseudo cubic [110] direction, both at room temperature and liquid 

nitrogen temperatures. In Error! Reference source not found.a-c), the O K-edges is 

shown at room temperature (solid line) and liquid nitrogen temperature (dashed line), 

exhibiting three peaks near the edge onset, labeled a, b and c. I use these peaks to identify 

a possible Co-ion spin state transition as a function of temperature and Sr-doping.  The O 

K-edge intensity is normalized to the continuum intensity above 560 eV. The O K-edge 

pre-peak, labeled a, stems from the hybridization of O 2p with Co 3d, whereas peaks b and 

c can be assigned to the hybridization of O 2p with La 5d and Co 4sp, respectively. At 

room temperature, the increase in the Sr-doping concentration increases the Co4+ 

concentration resulting in an increased number of available Co 3d states, which manifests 

itself as a relative increase in the O K-edge pre-peak intensity, as seen in Error! Reference 

source not found.. At low temperature, there is an increase in the pre-peak intensity, 

labeled a, for 5% doped sample while a similar change is not observed for critically doped, 

17% sample and for the 30% doped sample. This observed increase in the pre-peak 

intensity can be either due to the creation of oxygen vacancies or any change in the electron 

distribution at Co eg and t2g orbitals which origins a Co-ion spin state transition. However, 

the Co L-edge structure, which is sensitive to the valence state of the Co atom, and thus 

also the presence of Co or O vacancies, does not indicate any significant change at room 
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and  LN2 temperature not only for 5% doped sample but all other doping concentrations as 

shown in lower corner of Figure 3 for each sample.  

 

Figure 21 EELS of O K edge taken in room temperature in solid line and liquid nitrogen 

temperature in dashed line of a) La0.70Sr0.30CoO3 La0.95Sr0.05CoO3, b) La0.83Sr0.17CoO3 and c) 

La0.95Sr0.05CoO3. Similarly EELS data of Co L edges both at room temperature and at liquid nitrogen 

temperature for each sample is inserted at right lower corner. 

 

Assuming that the stoichiometry of the samples remains unchanged during the in-situ 

cooling experiments, one can explain the change in the O K edge pre-peak intensity as 

follows: In the LS-state configuration, the Co3+ eg energy levels are solely responsible for 

the pre-peak intensity, since all the t2g orbital are filled with the 3d6 electrons. On the other 

hand, in the higher spin-state configurations, while the Co oxidation state remains 

unchanged, but the Co eg  orbital are no longer completely empty, thus reducing the number 

of available states in the eg orbitals for exited electrons, while simultaneously increasing 

the number of available t2g orbitals. Therefore, one should expect an increase in the O K-

edge pre-peak intensity at low temperature for samples that have undergone a transition to 

the Co-ion low spin-state. I conclude that the observed decreased intensity of O K-edge 
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pre-peak in the sample doped with 5% Sr is due to a thermally induced Co-ion spin state 

transition, similar to that reported in undoped LaCoO3.(9)  

Kwon et a(95) reported that spin state ordering in LaCoO3 film grown on SrTiO3 substrate 

results a superstructure of ordered darker stripes found perpendicular to film/substrate 

interface, and concluded that the increased atomic distances in the dark stripes are 

responsible for smaller hybridization between Co and O atoms, and, therefore, for a higher 

Co-ion spin state. Moreover, this structural change also lowers the peak c of the O K-edge, 

which stems from the hybridization between spherically symmetric O s state and Co d 

states. However, in the data shown in here, I do not observe any crystal symmetry change 

other than the decrease in unit cell volume as the result on in-situ cooling. If the change in 

the O K-edge fine structure was purely structural, then I should have seen an increase in 

intensity of peak c through cooling in both 17% and 5% doped samples as a result of the 

decrease in the unit-cell volume at lower temperature. However, the intensity of peak c 

remains unchanged in the 5% doped sample, while a decrease is seen at low temperature 

for the 17% doped sample. Therefore, I conclude that this spin state transition is 

temperature driven rather than structural, since the change in exchange energy is more 

dominant than the change in the crystal splitting as the result of sample cooling. On the 

other hand, not having the spin-state transition at higher doping concentration (e.g. 17% 

and 30%) can be explained by the fact that a single La3+ atom has 8 Co neighbors which 

will be affected the substitution with a divalent Sr atom. Thus, increasing the doping 

concentration from 5% to 17% will increase the number of the Co4+ ions in a higher spin 

state (due to the presence of Sr+2), so that the doping-driven spin state transition to higher 
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spin state is dominant and the thermally driven spin-state transition can no longer be 

observed.  

    In summary, with a local probe provided by STEM and EELS, I find a Co-ion spin state 

transition in 5% doped La1-xSrxCoO3 through in-situ cooling experiments, while 17% and 

30% doped samples do not show any indication for such transitions. In samples below the 

critical doping concentration of x=17%, atomic resolved HAADF images and SADP do 

not show any indication of a changes in crystal structure symmetry during the in-situ 

cooling which can possibly be responsible of the observed changes in the  O K-edge fine-

structure. For higher doping concentration, such as the 17% and 30% doped samples 

studied here, the doping driven spin state transition is dominant over thermally driven spin 

state transition at low temperature. These results now allow me to distinguish for the effects 

of oxygen vacancy ordering from Co-ion spin state ordering, as previously reported for 

LaCoO3 thin films. This will be essential in studying the percolative nature of the magnetic 

ordering in hole-doped LaCoO3 samples both thin films, as well as single crystal. It was 

previously suggested that the phase transition in Sr-doped LaCoO3 is associated with 

merging of magnetically ordered clusters of the length-scale of a few unit cells. Due to the 

lack of spatial resolution of many magnetic probes, EELS in a STEM appears to be the 

ideal candidate to study this transition and the work reported here lays the foundation for 

such an experiment. Using the reported changes in the O K-edge pre-peak intensity and the 

anti-correlation with the Co L3,2-ratio, the spin state transition can now be clearly 

distinguished from a change in local Co valence due to oxygen vacancies or local chemical 

inhomogeneities.  
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4  STRUCTURE AND SPIN STATES OF La1-xSrxCoO3 

 

4.1 Introduction 

LaCoO3-based perovskite oxides have been studied for decades, primarily due to their 

exceptional magnetic transitions which are related to changes the Co3+-ion spin states. Bulk 

LaCoO3 has a temperature dependent transition from a nonmagnetic to a semiconducting 

insulating state, which occurs below 100 K and another transition from semiconducting to 

metallic phase above 500 K. Cobalt spin states transitions are strongly correlated to the 

competition between the crystal-field splitting (ΔCF) of the Co 3d states into eg and t2g 

orbitals, which encourages the lower spin states, and the Hund’s exchange rule, which is 

responsible for higher spin configurations. The first magnetic transition is believed to be 

due to a change in the Co3+-ion spin state from a LS (t 62g e
0
g S=0) state to combination of 

the HS (t4
2g e

2
g S=2) (5) and LS states(102) or alternatively an intermediate spin (t 5

2g e
1
g 

S=1) IS(8),(9) state as seen in Figure 22a). In addition to the ΔCF and the exchange energy, 

the bandwidth W, resulting from the σ-bonding Co-O-Co interaction, and the reduction in 

the energy difference between eg and t2g orbitals favors the higher spin states(13). 
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Figure 22 a) Possible spin state configurations of Co3+ and Co2+
.b) Crystal structure of La1-

xSrxCoO3. c) Projection of La1-xSrxCoO3 in pseudo-cubic [011] orientation.  

The small difference between the crystal-field splitting and the interatomic Hund`s rule 

exchange energy allows the magnetism of LaCoO3 and related materials to be altered by 

changing the particle size of powder sample(10), epitaxial tensile strain on thin film sample 

via the properly chosen substrate(11),(12), applying external pressure to bulk 

sample(13),(14) or hole doping with a alkaline rare-earth ion having a different ionic radius, 

such as Sr. Introducing external, strain or chemical pressure by doping with suitable ion 

can lead to a change in the lattice parameters and to CoO6 distortions, which will affect the 

Co-O bond distance, the Co-O-Co bond angle, and ultimately the  magnetic ordering(24). 

Therefore, substituting divalent Sr2+ ions for trivalent La+3 ions does not only increase the 

average Co oxidation state and spin states but also changes the structure of CoO6 

environment which can directly alter the spin state and spin ordering of Co ions. A 

schematic of a rhombohedrally distorted crystal structure for La1-xSrxCoO3
 and te 

projection of the pseudo-cubic [011] orientation are seen in Figure 22b) and c), where the 

distortion of the CoO6 octahedra is visible. Recently, first principles calculations revealed 

that the cubic octahedral environment is more stable for magnetic states than non-magnetic 

ones while introducing rhombohedral distortion lowers the non-magnetic ground states and 

insulating character.(25) 

Various techniques from Extended X-ray Absorption Fine Structure (EXAFS), Neutron 

Pair Distribution Function (PDF)(15), NMR(16),(17) , Small-Angle Neutron Scattering 

(SANS)(18), and Inelastic Neutron Scattering (INS), to Electron Spin Resonance 
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(ESR)(19) have been used to study La1-xSrxCoO3 (LSCO). It is generally accepted that with 

increasing Sr-doping, La1-xSrxCoO3 changes from a non-magnetic insulator, which 

undergoes a thermally induced Co3+ ion spin state transition at low temperature, to a spin 

glass at low Sr-doping and a ferromagnet at higher doping. As the Sr-doping concentration 

increases, spin polarons, which are caused by substituting divalent Sr2+ ions for trivalent 

La+3 ions, merge and form short-range FM clusters, since the neighboring mixed valance 

Co ions interact ferromagnatically via double exchange mechanism(17). At the critical 

doping of x≈ 0.17, the clusters percolate, leading to a crossover from short- to long-range 

FM(26) and the system simultaneously undergoes a percolative insulator-to-metal 

transition (IMT).(17) 

In this chapter, I will use HAADF imaging in combination with ABF imaging, angular-

resolved EELS, EMCD(86) and in situ cooling experiment in an aberration-corrected 

STEM. More specifically, the UIC JEOL ARM200CF will be used to study LaCoO3 single-

crystals with 5%, 17% and 30% Sr doping. I will demonstrate the power of real space 

probes with atomic resolution and sensitivity to magnetic properties.  

4.2 Results and Discussions 

4.2.1 Imaging results 

In Figure 23, an atomic-resolution HAADF image of La0.95Sr0.05CoO3 in pseudo cubic 

[011] direction is presented. Figure 23a) shows the original image, and the Fast Fourier 

transform (FFT) and a proposed model of the CoO6 octahedra as an insert. The FFT shows 

additional spots at [1/2 1/2 1/2] of the pseudo cubic orientation (marked by arrow). To 
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understand the origins of these extra spots, I apply a k-space mask and the resulting inverse 

FFT is shown in Figure 23b), which clearly shows the modulation as a result of the 

superlattice peaks. In Figure 23 c), the inverse-FFT filtered image is added three times to 

raw data to demonstrate the effects of the superlattice spots on the atomic structure of 

La0.95Sr0.05CoO3. The exaggerated modulation can now be clearly seen, as indicated by the 

two arrows in adjacent La/Sr columns. Arrows in similar locations are placed in the atomic 

model shown in Figure 22b). I attribute this modulation to the rotation of two neighboring 

CoO6 octahedra, which will create a zigzag pattern and thus horizontal and vertical 

contraction in the Co-O interatomic spacing. Even though HAADF is sensitive to atoms 

with higher atomic numbers, and is generally not able to directly image oxygen atomic 

columns, one can observe the effect of CoO6 distortion by using HAADF imaging. 
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Figure 23 HAADF image of La0.95Sr0.05CoO3 in pseudo cubic [011] direction: a) the raw data and 

FFT of the whole image (insert). Extra spots in [1/2 1/2 1/2] pseudo cubic orientation is indicated 

by the arrow. The model indicates the atoms in this orientation. b) Filtered inverse FFT highlighting 

the effects of the superlattice peaks. c) Inverse-FFT filtered extra spots are strengthened by 3 times 

and added to raw data. The exaggerated modulation can be seen by the help of two arrows between 

succeeding La/Sr columns. Similar corresponding arrows are placed in the model structure shown 

in a). 

  

Next, these CoO6 distortions will be measured using ABF imaging which is sensitive to 

lighter elements, such as oxygen or even hydrogen. In Figure 24, an ABF image of 

La0.95Sr0.05CoO3 in pseudo cubic [011] direction is shown and the corresponding ball and 

stick model is shown as an insert. Displacement of the oxygen columns in the vertical 

direction is clearly seen in the image. The CoO6 octahedra distortion manifests itself by the 
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zigzag pattern in horizontal direction (the [0-11] pseudo cubic orientation). In Figure 24b), 

the quantitative analysis of the oxygen column displacement in y direction is shown. The 

accurate position of each oxygen column is estimated by calculating the center of mass 

over the areas where the oxygen signal is present. Each rectangle shows the displacement 

of corresponding oxygen atomic column in vertical direction with respect to average 

position of two neighboring Co columns on the right hand side and the left hand side of the 

particular oxygen column. The results exhibit an ordered checkerboard pattern, confirming 

the presence of a periodic CoO6 distortion. The average magnitude of the displacement of 

oxygen columns in y direction is measured to be  

19 pm ±14 pm over the entire area of the image while the average displacement is 3 pm 

±24 pm. In Figure 24c), the histogram of the displacement map is shown. The histogram 

shows the frequency of the individual displacement value. If the oxygen columns have the 

perfect zigzag pattern, the histogram should be symmetrical around zero. The symmetry in 

Figure 24c) shows that 5% Sr doped LaCoO3 distortion is very close to a perfect zigzag 

pattern. 

Figure 25 shows a similar analysis for the La0.83Sr0.17CoO3 sample. The checkerboard 

pattern Figure 25b) confirms the regularity of CoO6 distortion. However, the average 

absolute value of oxygen column displacement in vertical direction with respect to 

neighboring cobalt atomic columns is reduced to 15 pm ±11pm while the average 

displacement is -8 pm ±18 pm. Similarly, the histogram of the oxygen displacement map 

is shown in Figure 25c). The effect of increasing the Sr doping concentration from 5% to 

17% on the local crystal structure is that at higher hole doping, the structure resembles 
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more closely the cubic unit cell even though the center of the histogram is shifted towards 

slightly negative side by 8 pm.  

For the La0.7Sr0.3CoO3 sample, similar experiments and analysis were completed and the 

results are shown in Figure 26. In contrast to the lower doping concentrations, the 

La0.7Sr0.3CoO3 sample exhibits irregularities in the oxygen column displacements. In 

certain areas, the displacement of oxygen columns does not adhere to the checkerboard-

like pattern, while other areas show a strongly distorted structure in one specific direction 

and while another area exhibits distortion in a different direction. However, the majority 

of the La0.7Sr0.3CoO3 sample exhibits the more regular, albeit smaller, octahedral distortion 

compared to the samples with lower Sr-doping concentrations. The average magnitude of 

the displacement of oxygen columns in y direction is measured to be  

37 pm ±23 pm over the entire area of the image while the average displacement is  

13 pm ±42 pm. In Figure 26c), the histogram of the displacement map is shown. The 

biggest difference between 30% doped sample and the other samples studied here can be 

found in areas with irregular and large oxygen displacements as shown in Figure 26. 

Looking at the displacement histogram analysis of three samples, one can conclude that in 

lower Sr dopant concentration, the displacement distributions are more symmetrical, such 

that the average displacement is closer to zero and histogram looks more symmetrical 

around zero. On the other hand, in 30% doped sample the heavily distorted area, which can 

be identified as the region with two dark stripes in the displacement map in Figure 26b), is 

compensated by weaker distortion over the rest of the area. It also can be seen in the 

histogram as the separation of the signal into two statistically independent areas.   
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Figure 24 a) ABF image of La0.95Sr0.05CoO3 in pseudo cubic [011] direction with a model structure 

shown as an insert. The biggest dark spots are A site of the perovskite and in x direction ([0 -1 1] 

pseudo cubic orientation) Co and Oxygen columns are seen. b) Displacement of individual Oxygen 

column in y direction with respect to neighboring Co columns measured from the dashed area on 

the ABF image is shown. The histogram of O column displacement map is shown in c). 

 

 
Figure 25: a) ABF image of La0.83Sr0.17CoO3 in pseudo cubic [011] direction with a model structure 

shown as an insert. b) Displacement of individual Oxygen column in y direction with respect to 

neighboring Co columns measured from the dashed area on the ABF image is presented. The 

histogram of O column displacement map is shown in c). 
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Figure 26: a) ABF image of La0.70Sr0.30CoO3 in pseudo cubic [011] direction with a model structure 

shown as an insert. b) Displacement of individual Oxygen column in y direction with respect to 

neighboring Co columns measured from the dashed area on the ABF image is presented. The 

histogram of O column displacement map is shown in c). 

 

 

4.2.2 EELS results 

In addition to ABF imaging, atomic-column resolved EELS can be used to examine the 

displacements of the oxygen columns in pseudo-cubic [011] orientation. In Figure 28 three 

EELS maps are shown, one for each Sr-doping concentration. In top row, integrated O K-

edge intensity maps are shown, while the integrated Co L-edge intensity map and the 

combination of O K-edge, Co L-edge and La M-edge maps are also shown. O K-edge 

intensity integrated over 80 eV energy window centered at 521 eV after background 

subtraction. Similarly, Co L-edges are integrated over 55 eV energy window centered at 

785 eV and La M-edges intensity is integrated over 37 eV energy interval centered at 850 

eV after background subtractions. For La0.95Sr0.05CoO3, the regular distortion of the O 

columns is clearly shown and as the Sr-doping concentration increases, the distortion of 

the CoO6 is visibly weakened which confirms our previous ABF results.  
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In perovskite oxides, the oxygen K-edge EELS has been shown to reveal the hybridization 

of the transition metal and the oxygen states in oxides, since it probes the transition from 

the O 1s to O 2p states to selectively measure the density of unoccupied states with O 2p 

symmetry. On the other hand, the O K-edge pre-peak originates from transitions into the 

hybridization between O 2p and transition metal 3d states. It has been previously shown 

that the O K-edge pre-peak intensity is very sensitive to the oxygen stoichiometry and the 

transition metal oxidation state(12). At the same time, several studies have shown the 

correlation between the Co L-edge energy onset (and intensity ratio) and the local Co 

valence(81). More specifically, for LaCoO3 systems, hole doping increase the intensity of 

O K-edge pre-peak intensity which probes the population and the distribution of the 

electron at unoccupied t2g and eg energy levels as shown in Figure 27, while Co L3/L2 

intensity ratio, so called white line ratio, decreases for higher Co oxidation state. 

 

 In Figure 27, O K-edge intensities are shown for 3 different doping concentrations, namely 

30%, 17% and 5%. It can be clearly seen that the O K-edge pre-peak intensity increases 

with increasing Sr concentration, due to the formation of the additional unoccupied oxygen 

ligand hole states i.e. depopulation of the t2g levels as well as a transfer of electrons from 

the eg spectral weight. At the same time, the pre-peak energy shifts to lower energy for x≥ 

0.17. 
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Figure 27 O K-edge EELS of 3 different Sr doping concentration. Normalized pre-peak intensities 

are inserted. 

 
Figure 28 Atomic resolved EELS maps are shown for three different sample from x=0.05 to x=0.30 

right to left. On top, O K-edge maps are shown with Co L-edge maps on the lower left corners. On 

the lower right hand side, La M-edge, Co L-edge and O K-edge maps are combined with the cartoon 

identifying the atoms inserted. 
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Figure 29 EELS maps at [011] pseudo cubic orientation of a) O K-edge pre-peak intensity 

normalized by the total O K-edge intensity, b) the Co white line ratio in La0.83Sr0.17CoO3 at room 

temperature. c) Comparison of O pre-peak intensity and Co white line ratio profiles which are 

integrated over top three pixels in y direction is shown. d) Deviation in white line ratio and the O 

K edge pre-peak at intensity c) alteration is labeled. 
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Figure 30  EELS maps at [0 1 1] pseudo cubic orientation of a) O K-edge pre-peak intensity 

normalized by the total O K-edge intensity, b) Co white line ratio in La0.83Sr0.17CoO3 at Liquid 

Nitrogen temperature. Co white line ratio map shows that the Co oxidation state is not homogenous 

through the sample.  

 

Since, La0.83Sr0.17CoO3 exhibits a MIT at ~80 K, which is above the in-situ cooling 

temperature, the effects of chemical and magnetic inhomogeneities on the transition can 

also be examined(17). Due to the negative correlation between the white line ratio and Co 

valance state, one should expect that a decrease in white line ratio (increase in Co oxidation 

state) should increase the O K-edge pre-peak intensity, if the Co ion simply loses an 

electron. Therefore, by mapping the Co white lines and O K-edge pre-peak intensity 

throughout the sample, I can determine the chemical homogeneity within a grain. However, 

if one does not observe the negative correlation between Co white line ratio and O K-edge 

pre-peak intensity, this observation cannot be explained by a simply change in the electron 

population of the unoccupied t2g and eg states. The explanation requires the redistribution 

of these electrons in the t2g and eg levels, which results in a change of the Co-ion spin state.  



71 

 

In Figure 29, the integrated O K-edge pre-peak intensity and Co L3/L2 ratio of 

La0.83Sr0.17CoO3 are plotted as a function of position through the sample at room 

temperature. To map the peak intensities, we use the second derivative method (103),(104) 

which provides a background independent result by just taking the positive contribution of 

the second derivative of the spectra under the specific peak. Since multiple scattering can 

affect the relative peak intensities, we choose an area with an average thickness of 0.14 

inelastic mean free path. Each pixel has the size of 0.7 nm and the sample is viewed along 

the pseudo cubic [011] orientation. Figure 29b) shows the white line ratio map which 

clearly contains areas with different cobalt oxidation state. One can identify two competing 

regimes within the mapped region. First, the top left hand side of the region has higher O 

K-edge pre-peak intensity and higher white line ratio compare to lower right hand side 

corner. Since a higher white line ratio can be read as low oxidation state, one should expect 

a lower O K-edge pre-peak intensity due to the lower number of empty d state to excite. 

This can be seen in Figure 27, such that the pre-peak intensity increases as the average 

oxidation state of Co rises from 3.05 to 3.3. However, in Figure 29, the same area does 

have higher O K-edge pre-peak intensity. Therefore, one should take into account not only 

the population of electrons in the d levels but also their distribution, namely total spin state, 

to explain this situation. In the lower right corner, the cobalt oxidation state is lower, 

resulting in a higher number of electrons in the t2g and eg levels. On the other hand, to have 

higher O K-edge pre-peak intensity, the eg levels should be less occupied compared to the 

other corner of the sample. Co ions have lower spin states when eg levels are not occupied 

as seen in Figure 22a). Moreover, there are more available states for inner p level electrons 
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to excite into d orbitals during the incoming electron and atomic electron interaction. 

Therefore, these two opposing corner of the map have different oxidation states and spin 

states. Another variation in the white line intensity ratio and O K-edge pre-peak intensity 

can be seen in the upper part of the map. Figure 29c) shows the integrated intensities of 

both O K-edge pre-peak intensity and Co white line ratio which exhibits a periodic signal 

every 3 pixels, or 1.4 nm as shown in Figure 29c) and d). But these clusters show a lower 

white line ratio (high Co oxidation state) and a higher O K-edge pre-peak intensity as 

expected for changes in the cobalt valence states associated with changed in the Sr-doping 

concentration.  

Similar analysis was performed during in-situ cooling experiments and is shown in Figure 

30. Figure 30a) shows the integrated O K-edge pre-peak intensity, exhibiting fluctuations 

through the sample while the Co white line ratio fluctuations shown in Figure 30b). Due to 

the instabilities of the in-situ cooling stage, I was not able to see any possible small range 

fluctuation as seen at room temperature. However, the chemical and spin state 

inhomogeneities appearing in the white line ratio and the O K-edge pre-peak intensity are 

obvious. Therefore, cooling cannot overcome the chemical inhomogeneities, such that hole 

dopants do not migrate at the MIT temperature.  The variation in spin state suggests that 

long range ferromagnetism has not achieved at the temperature, which the cooling holder 

utilized could reach during the experiment. 
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4.2.3 EMCD results 

The Co-ion spin state and magnetic ordering can also be measured using the electron 

energy loss magnetic chiral dichroism (EMCD) of transition metal white lines(86). As 

described in the methods chapter and also in the literature, the Co L-edges are measured 

from two conjugated spots in reciprocal space using the two beam tilting condition. This 

setup will mimics the two beam polarizations used in X-ray magnetic circular dichroism 

(XMCD) measurements. The dichroic signal is obtained from the difference between two 

white line spectra which we name plus and minus here.  

First, I perform EMCD measurements in diffraction mode over an area around 100 nm in 

diameter at room temperature and LN2 temperature for all three different doping 

concentrations. In Figure 31, the results of these experiments are shown. In top row, the 

room temperature results of x=0.30, 0.17 and 0.05 are shown, while the bottom row shows 

the LN2 temperature results. A strong dichroism is observed in the La0.7Sr0.3CoO3 sample 

at room temperature. As I decrease the doping concentration, the strength of the 

dichromatic signal decreases at room temperature. On the other hand, lowering the 

temperature increases the dichromatic signal for all three samples.  The La0.7Sr0.3CoO3 

sample shows a clear EMCD signal at both temperatures while the weak EMCD signal in 

the La0.83Sr0.17CoO3 sample at room temperature increases during the in-situ cooling 

experiment. Finally, the La0.95Sr0.05CoO3 sample does not show any EMCD signal at room 

temperature while the at LN2 temperature, there appears to be a very weak EMCD signal.  
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The observed increase in the EMCD signal upon cooling can be explained by the following. 

In spite of the existence of the external magnetic field, created by objective lens of the 

microscope, at above LN2 temperature, the spin orientations are random. Therefore, at low 

temperature, I can detect a more dichromatic signal. However, the Sr-doped LaCoO3 

system undergoes a spin state transition at low temperature from higher to lower spin state 

when the doping concentration is less than critical value, x=0.17 where the MIT occurs 

(16). Since the thermally driven spin state transition at low doping concentrations, 

including La0.95Sr0.05CoO3, is not abrupt, one should still expect to see some Co ion in a 

higher spin state at LN2 temperature for x=0.05. Additionally, at low temperature, the 

magnetic field of the objective lens can easily overcome the thermal fluctuations of the 

overall spin alignment, resulting in a small EMCD signal as shown in Figure 31 for x=0.17. 
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Figure 31 EMCD measurements of x=0.30, x=0.17 and x=0.05 from left to right at room 

temperature, at the top row and the Liquid Nitrogen temperature at the bottom row. 

 

To investigate the spatial distribution of the magnetic signal, I combine energy filtered 

TEM (EFTEM) and EMCD on a nm-scale(105). For the acquisition of the EMCD maps, 

the single-crystal sample is tilted into the 3 beam condition. Then, the objective aperture is 

inserted in the back focal plane of the objective lens in order to select the chiral transitions. 

The elemental maps are taken at three different energies, namely, at Co L3 pre-edge, at Co 

L3 itself and at the post-edge in 2 different reciprocal space positions, as previously 

described.  Pre-edge map is used as the background signal to subtract form L3 intensity. 

And the post edge is used to normalize the signal. After this normalization of each signal 

taken from corresponding reciprocal space position, the magnetic signal is calculated as 
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the difference between these normalized signals taken from 2 different diffraction 

positions. An additional normalization is introduced by taking the difference between 2 

normalized signals and divided by the summation of the intensities taken from these 

positions which is given by: 

. 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑃𝑙𝑢𝑠−𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑀𝑖𝑛𝑢𝑠

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑃𝑙𝑢𝑠+𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑀𝑖𝑛𝑢𝑠
 

The result can be seen in Figure 32 for La0.83Sr0.17CoO3 at room temperature. I choose the 

edge of the sample, as seen in Figure 32a), to avoid the effect of the thickness on the EMCD 

signal. Figure 32b) shows the EMCD map over the selected region shown in Figure 32a), 

while Figure 32c) and d) show a closer look at a selected area and the line intensity profile 

taken from the EMCD map. Again, two distinct magnetic regimes can be seen in the map: 

firstly, one region in upper right hand side of the map exhibiting lower EMCD signal. 

Secondly, the local fluctuations or nonmagnetic islands with the size of more than couple 

of nm can be seen easily in Figure 32c) and d).   

After excluding random signal distribution from the vacuum, the EMCD signal 

distributions and the histogram of the sample are shown in Figure 33. I fit the histogram 

graph with 4 Gaussians and we map their spatial distribution. The center of the first 

Gaussian, which has 4027 pixels (29% of the sample) is centered around the origin of the 

EMCD signal axis with FWHM=0.062. Similarly, there is second Gaussian is centered at 

2.4% EMCD signal with FWHM=0.032 and represents around 6% of the total sample area. 

The largest Gaussian, which constitutes around 62% of the entire area that was sampled, 
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(or 8488 pixel) is centered at 5.3% EMCD signal with FWHM=0.068. Lastly, there is 

fourth Gaussian, centered at 14.1% EMCD signal with FWHM=0.045, which makes up 

3% of the sample area. This peak is mostly found at the edge of the samples, which I 

attribute to an artifact of the EMCD measurements. In this analysis, I used Gaussian fit for 

two reasons: Firstly, the Gaussian distribution is practical and simple since it requires two 

variables, the average and variance. Secondly, many independent errors stemming from 

experimental setup and instrumentation, mostly from CCD camera, such as photon noise, 

digitization noise etc., exhibit a random distribution. Therefore, they are expected to have 

normal distribution. The three Gaussian fits in the histogram in Figure 33a) suggest the 

existence of three possible spin states within the sample such that the first fit centered at 

zero EMCD signal can represent the area with zero spin states while the other two Gaussian 

curves can responsible for IS and HS states respectively. Therefore, the sample has non-

magnetic areas, mostly at upper right corner but also distributed lightly in the rest of the 

sample, and magnetic areas with different magnetic strengths. This is also a verification of 

the ELLS map shown in Figure 29. 

 

Figure 32 Specially resolved EMCD map of La0.83Sr0.17CoO3  
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Figure 33 EMCD signal distribution 

 

4.3 Conclusion 

In this work, I used different experimental techniques in electron microscopy, namely 

EELS, HAADF, ABF and EMCD and examined the magnetic transitions and ordering in 

Sr-doped LaCoO3. I have shown that the CoO6 octahedral distortions can be measured 

using HAADF and ABF imaging. I observed that increasing the hole doping changes the 

octahedral distortion. However, at high dopant level, 30%, material has some areas where 

the distortions are strong but not well ordered like a checkerboard pattern. Additionally, 

the atomic-column resolved EELS maps show the oxygen displacement directly. The 

critically-doped sample, x=0.17¸ shows chemical and magnetic inhomogeneities at room 

temperature and liquid nitrogen temperature. I utilized the O K-edge pre-peak intensity and 

the Co L3,2 intensities to examine these non-uniform distributions. At room temperature, 

the negative correlation of the short range ordering is the sign of valance ordering in 

neighboring areas which happens when the sample has relatively homogenous Sr2+ 
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distribution. On the other hand, the larger scale fluctuations in the O K-edge pre-peak 

intensity and the white line ratio stems from the difference in spin states. At liquid nitrogen 

temperature for x=0.17, two kinds of deviation mentioned for room temperature 

measurement are still observed, which is a sign that the long range ferromagnetic ordering 

has not been established at the temperature the cooling holder can reach.  

Finally, I apply the EMCD method to measure magnetism and find that samples measure 

at lower temperature and higher hole doping concentrations exhibit a higher dichromatic 

signal. The EELS maps shows the inhomogeneous nature of the critically doped sample, 

x=0.17. On the other hand, to examine the spin state distribution of 17% doped sample at 

room temperature, I utilize spatially-resolved EMCD and show the coexistence of LS, IS 

and HS states. The EMCD signal distribution shows that there are changes in the dichroic 

signal at two different scales. At the larger scale there are nonmagnetic and magnetic  areas, 

while at the smaller scale the presence of different spin states, such as LS, IS and HS, 

results in local magnetic clusters. The intermediate spin state is favorable when the t2g eg 

crystal splitting symmetry is broken, such that the energy of two t2g and eg levels becomes 

comparable and transitions between two levels becomes possible. This is the result of 

changes in the Co-O bond lengths, of distortions in the CoO6 octahedra. 
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5 OXIDATION STATE TRANSITION OF (Pr1-yYy)0.7Ca0.3CoO3 

 

5.1 Introduction 

So far, doped perovskite cobaltites, such as La1-xSrxCoO3, which show rich spin states and 

electronic configurations, have been studied. Due to energy difference between the crystal 

splitting and Hund coupling energy, perovskite cobaltites exhibit a spin state  transition 

from intermediate or high spin state (IS; t5
2ge

1
g, S=1 or HS; t4

2ge
2

g, S=2) to low spin state 

(LS; t6
2ge

0
g, S=0).(8) Recently, the observation of a first-order magnetic/electronic 

transition in certain Pr-based perovskite cobaltites, such as Pr0.5Ca0.5CoO3, has attracted 

attention. More specifically, a simultaneous metal to insulator transition (MIT), a sharp 

drop in magnetic moment upon cooling and a change in the electronic structure has been 

reported to occur at around 90 K (27) (28). It was suggested that the low-temperature phase 

in Pr0.5Ca0.5CoO3 is stabilized by a shift of the mixed valence Co3+/Co4+ toward pure Co3+, 

enabled by a valence change of some Pr3+ ions to Pr4+, such that these sites absorb some of 

the holes originally associated with Co sites, or conversely, that electrons are transferred 

from the Pr 4f levels into hybridized Co 3d-O 2p orbitals.(29) The small difference in 

energy of the two Pr valence states makes this transition possible. This hypothesis has been 

confirmed by the occurrence of a Schottky peak in heat-capacity measurements(37) and x-

ray absorption spectroscopy at the Pr L3 edge.(106) (107)  
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Figure 34 Crystal structure of (Pr1-yYy)0.7Ca0.3CoO3 

 

Here, I focus on (Pr1-yYy)0.70Ca0.30CoO3 (PYCCO), which exhibits a transition temperature 

TMIT~135K for y=0.15(36). Moreover, this particular doping concentration is relatively 

easy to synthesize since oxygen deficiency and better stoichiometry can be achieved. I will 

use HAADF imaging in combination with ABF imaging, angular-resolved EELS and in-

situ cooling experiment in an aberration-corrected scanning transmission electron 

microscope (STEM), the UIC JEOL ARM200CF, to study (Pr0.85Y0.15)0.70Ca0.30CoO3 poly-

crystalline samples. I will demonstrate that the electron transfer occurs from the A site to 

the B site upon cooling below the transition temperature using in-situ cooling experiment. 

Furthermore, I will show that oxygen vacancy ordering is closely related to the local Co 

oxidation state, which changes as a function of temperature.  
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5.2 Results and Analysis 

5.2.1 Room temperature imaging and chemical maps 

As suggested by earlier x-ray diffraction measurements,(33) (34) (35)  

(Pr1-yYy)0.70Ca0.30CoO3 has a (Pbnm) structure with heavily distorted CoO6 octahedra 

(shown in Figure 34). In  one of the earliest papers written on this system, Fujita et al.(36), 

proposed that the smaller volume of the CoO6 octahedra and larger tilting angle of the 

octahedra increase the MIT temperature. However, direct verification of this hypothesis 

has been lacking. ABF imaging now provides the opportunity of probing the octahedral 

environment and identifies the positions of the individual oxygen columns. Atomic-column 

resolved STEM images are shown in Figure 35 a-c) in the pseudo-cubic [001] and [011] 

orientations, respectively. In Figure 35a), simultaneously acquired HAADF, LAADF and 

ABF images are combined into a single image where the oxygen columns are seen in 

yellow. A model of the crystal structure based on the results by Knizek et al.(35), is shown 

as an insert. Atomic-columns resolved EELS maps of Ca, O, Co and Pr in the pseudo-cubic 

[001] orientation are shown in Figure 35b). The combined chemical map of O, Pr and Co 

in red, green and blue, respectively, is also shown in Figure 35b). Similarly, in Figure 35c), 

an ABF image taken in the pseudo-cubic [011] orientation is shown, highlighting the 

position of the oxygen atomic columns within the CoO6 octahedra. The biggest dark spots, 

labeled in green in the cartoon image inserted, are the A site atomic columns and between 

the horizontal A site atomic columns Cobalt and Oxygen atoms which create a zigzag 

pattern due to the octahedral distortion are also clearly resolved. 
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Figure 35 Atomic resolved images of (Pr0.85Y0.15)0.70Ca0.30CoO3 in two different orientation, namely 

[0 0 1] and [0 1 1] pseudo-cubic is shown in a) and c) respectively. In a) HAADF, LAADF and 

ABF imaging techniques are combined into a single image where the Oxygen columns are in 

yellow. Atomic resolved EELS map of Ca, O, Co and Pr in [0 0 1] pseudo-cubic orientation are 

shown in part b) respectively from left the right. And the combined chemical map of O, Pr and Co 

in red, green and blue respectively is in the last window on the left. In c) ABF image of 

(Pr0.85Y0.15)0.70Ca0.30CoO3 in pseudo cubic [011] direction. The cartoon which has Pbnm crystal 

symmetry identifying each column inserted is shown. The Octahedral rotation can be seen in the 

ABF image clearly. 

 

 

Figure 36a) shows the HAADF image of (Pr0.85Y0.15)0.7Ca0.3CoO3 in the pseudo-cubic 

[001] orientation. In this particular area, the crystal lattice exhibits a superstructure, where 

the A site atomic column distances changes periodically from ~0.320 nm to ~0.430 nm and 

creates a modulation in intensity along the (010) and (100) pseudo-cubic directions. This 

observation is confirmed by selected area electron diffraction (SAED), inserted in Figure 
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36a), where extra diffraction spots at the [0
 1

2
0] and [

 1

2
00] positions are clearly visible, 

suggesting a modulation with half the frequency of regular atomic spacing in the same 

direction. On the other hand, the average A site bond length perpendicular to the 

modulation direction remains unchanged at 0.375 nm.  

In epitaxially strained LaCoO3 thin film grown on SrTiO3 substrate, Kwon et al.(95) and 

Biškup et al(96) have  report the presence of a similar superstructure. Using electron 

energy-loss spectroscopy (EELS) of the cobalt L-edges and oxygen K-edges, Kwon et al. 

(95) conclude that the superstructure is caused by cobalt spin state ordering rather than the 

oxygen vacancy ordering previously reported in SrCoO3,(97) as well as strained LaCoO3, 

(96) . 

To identify the origins of atomic distance modulation in my sample, I examined the local 

electronic structures using EELS. This kind of modulation has been previously associated 

with the formation of oxygen vacancies(108) (96) (109) and the origin of magnetic and 

spin state  ordering in other cobaltites.(95) Figure 36b) shows the averaged EEL spectrum 

image of the integrated intensities for the O K-, Pr M-, Ca L- and Co L-edges. The map is 

acquired from the area shown in Figure 36a) and integrated vertically to get a horizontal 

line map. It can be clearly seen that the Pr, Co and Ca signals oscillate periodically as the 

electron beam probes the respective atomic columns in the [001] direction. However, the 

O K-edge signal appears to decrease significantly at the location of the dark stripes, 

indicating the presence of oxygen vacancies in the dark stripes. In addition to the lower O 

signal, a comparison of Co L-edge fine structure taken from Co atomic position in the dark 

and the brighter stripes is shown in Figure 36 d), exhibiting a clear change in the Co L3/L2 
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intensity ratio, which probes the Co oxidation state(9). At the dark stripes, the white line 

ratio is higher which is associated with lower oxidation state, and at the bright region, 

oxidation state of Co is higher which verifies the oxygen vacancy ordering at the dark 

stripes. Therefore, my EELS map reveals that the observed A site distance modulation and 

B-site intensity modulation is due to oxygen vacancy and Co oxidation state ordering. The 

observed structure resembles that of the well-known brownmillerite structure,(110) where 

oxygen vacancies order in every second CoO plane that lies parallel to the pseudo-cubic 

[001] planes. The oxygen deficient CoO planes contain tetrahedrally coordinated Co while 

the other planes remain stoichiometric and Co remains octahedrally coordinated. However, 

no sign of the spin state ordering in the superstructure is found.  

 

Figure 36 Some local dark stripes are seen in the HAADF image in pseudo-cubic [001] zone axis 

in a) with the SADP inserted where the extra satellite spots are visible in [1/2 0 0] and [0 1/2 0] 

directions stemming from the dark stripes. In b) a closer look to the dark stripes where an EELS 

map taken inside the rectangle and integrated over the vertical direction as shown in part c). The 
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comparison of Co L-edges taken from the dark stripes and bright region which shows that L3 

intensity is lowered in bright region is represented in part d).  

 

5.2.2 Cooling experiment results 

Atomic-column resolved HAADF and ABF images in the pseudo-cubic [001] direction 

during the in-situ cooling experiments to liquid nitrogen temperature are seen in Figure 37. 

Due to the thermal instabilities of the cooling stage, the image resolution is degraded 

slightly and the ABF images do not show the oxygen atomic columns. However, the Co 

atomic columns are clearly resolved during the in-situ cooling experiment, and some 

contrast modulations of the CoO planes are still visible. For a more reliable approach to 

quantifying the structural changes especially at low temperature, where the sample 

vibration prevents an accurate determination of the atomic column location, we use 

selected area diffraction (SAD). Figure 38 shows the structural changes as the result of the 

in-situ cooling of an area that exhibited a high concentration of oxygen vacancy ordering 

at room temperature. In Figure 38 a), the SADP is shown in the pseudo-cubic [001] 

direction before the cooling experiment, showing the regular Pbnm symmetry diffraction 

spots, as well as the extra spots associated with the observed oxygen vacancy ordering. 

SADP taken at LN2 temperature is shown in Figure 38 b), where the Pbnm symmetry 

remains unchanged but the intensity of the superlattice spots is greatly decreased, 

indicating the oxygen vacancy ordering is less prominent below the MIT. To demonstrate 

the reproducibility of the room temperature oxygen vacancy ordering, additional SADP are 

taken at room temperature following the in-situ cooling experiments. As can be seen in 

Figure 38 c), the superlattice spots appear strong again, indicating the oxygen vacancies 
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are again ordering at room temperature. In addition to the superlattice reflections, we also 

notice a change in the lattice parameter as a function of temperature. It has been reported 

that the unit cell volume decreases abruptly below the MIT temperature(35). In Figure 38 

d), intensity profile of SADP along pseudo-cubic [100] orientation taken at room 

temperature and LN2-temperature shows that the atomic spacing decreases at low 

temperature by around 1.8%, thus verifying that our sample has undergone the MIT, which 

is expected to occur at Tc=135 K.  

My imaging and electron diffraction analysis, therefore, demonstrates that the oxygen 

vacancy and Co oxidation state ordering, which is observed at room temperature, decreases 

below the MIT, which has to be associated with the proposed charge transfer between the 

Co and Pr ions in PYCCO. The observed ordering appears again after the completion of 

the in-situ cooling experiments, which demonstrates that neither ordering of oxygen 

vacancies at room temperature, nor the dissolution of the ordered stripes at LN2 

temperature is induced by the electron beam.  It is interesting to point out here that the 

observed effect is opposite of the commonly observed vacancy ordering at low temperature 

and indicates that the oxygen mobility in PYCCO below the MIT has to be sufficiently 

large to enable the diffusion of oxygen vacancies from the tetrahedrally coordinated planes 

to the fully stoichiometric planes. 
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Figure 37 Atomic resolved images of (Pr0.85Y0.15)0.70Ca0.30CoO3 in [0 0 1] pseudo-cubic orientation 

a) ABF and b) HAADF are shown respectively. 

 

Figure 38 SADP in pseudo-cubic [0 0 1] orientation in the same grain near the dark stripes a) 

before the cooling starts, b) when it reached the minimum value, around 90 K, and c) after the 

sample heated up to room temperature are shown. The extra spot which are responsible for the dark 

stripes are labeled by the circle. In part d), intensity profile of SADP along pseudo-cubic [1 0 0] 
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orientation taken at room temperature and liquid Nitrogen temperature shows that atomic spacing 

decreases in low temperature by around 1.8%. 

5.2.3 EELS near edge fine structure analysis 

To examine the chemical and electronic changes during the cooling experiment, I analyze 

the ELNES of the Co L-, Pr M and O K-edges (Figure 39). All the EELS spectra shown 

below are taken from a grain in the pseudo-cubic [001] orientation to avoid any changes in 

the fine-structure due to the anisotropy of the crystal structure. In perovskite oxides, the O 

K-edges exhibit three peaks near the edge onset, the pre-peak, first and second peak 

respectively. The O K-edge pre-peak stems from the hybridization of O 2p with Co 3d, 

whereas the first peak and the second peak can be assigned to the hybridization of O 2p 

with Pr 4f and Co 4sp, respectively(9). In Figure 39a), the O K-edge spectrum shows two 

distinct features through cooling. Firstly, the intensity of the first peak increases indicating 

that there are more available states in the hybridized O 2p - Pr 4f orbitals. That is to say, I 

find that there are fewer electrons in the Pr 4f orbital at low temperature. Secondly, the O 

K-edge pre-peak intensity increases at low temperature and shifts by 0.7 eV towards to 

higher energy. The increase in the pre-peak intensity corresponds to a decrease in the 

number of electrons in the Co 3d orbitals. The Co L-edge intensities are shown in Figure 

39b) and can be used to determine the occupancy of the transition metal 3d orbitals.(101) 

However, the changes in the Co L3/L2 ratio are relatively small as a function of sample 

temperature. On the other hand, the Pr M5 at 931 eV, and M4 at 951 eV fine structures probe 

the occupancy of the Pr 4f orbitals as shown in Figure 39c). The Pr M-edge fine structure 

of Pr3+ has a shoulder on the low energy side of the M4 edge, as indicated by the arrow in 

Figure 39c)(26). As the oxidation state of Pr increases to 4+, this shoulder disappears. As 
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shown in Figure 39c), the Pr M-edge fine-structure clearly shows that the Pr oxidation state 

increases at low temperature. However, since the changes in the Co L-edge fine-structure 

are very subtle, I cannot use the Co L3/L2 ratio to define the local Co valance state and 

quantify the Co valence state transition. On the other hand, the O K-edge fine-structure in 

PYCCO is affected by the valence state transitions of both Pr and Co, and a straight-

forward interpretation is not possible. Therefore, I use a series of reference samples to 

calibrate changes in the O K-edge pre-peak intensity as a function of Co oxidation state.  

 

Figure 39 Temperature dependent EELS of (Pr0.85Y0.15)0.70Ca0.30CoO3 are shown. 

 

5.2.4  Pr1-xCaxCoO3 reference samples 

Four reference systems are studies here, namely Pr1-xCaxCoO3 for x=0.3, 0.2, 0.1 and 0. 

Above the MIT temperature, I assume that Co oxidation state of Pr1-xCaxCoO3 is (3+x), 

where x is the Ca doping concentration. This series of reference samples will now enable 

me to quantify the changes in the O K-edge fine-structures above the MIT temperature as 

a function of Ca doping concentration, as thus Co valence state. Figure 40 shows the 

atomic-column resolved HAADF images of Pr1-xCaxCoO3 for a) x=0.30, b) x=0.20 and c) 

x=0.10 respectively. For x=0.3 and 0.2, I observe areas with superlattice feature similar to 
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those found in PYCCO, which we demonstrated to be due to oxygen vacancy ordering.  

However, as the Ca doping concentration decreases, the concentration of oxygen vacancy 

ordered domains decreases noticeably. I do not see any indication of existence of this kind 

of superstructure for x=0.1 and x=0. Similarly, quantitative EELS analysis reveals that 

higher Ca concentration introduce non-homogeneous oxygen distribution throughout the 

sample. For x=0.3 and 0.2, I observe different oxygen content within the same sample. In 

Figure 41, the change of the O K-edge fine structure is shown as a function of oxygen 

vacancies. Within the same grain and similar thickness, I found four different areas where 

oxygen/Co atomic density varies from 2.81 to 3.11. Due to the possible inhomogeneous 

spatial distribution of Ca and Pr, I choose Co to normalize the oxygen content. To avoid 

beam damage, I continuously scan the electron probe and make sure there is no beam 

damage occurs while acquiring the EELS data since O K-edge fine structure is very 

sensitive to beam damage. After background subtraction, the spectrums are aligned with 

respect to Co L3 edge peak. As seen in Figure 41a), the O K-edge fine structure does not 

show any significant change in first and second peak while there is a systematic change in 

integrated pre-peak intensities and pre-peak positions. Gaussian fits for the pre-peak 

intensities are shown as inserts figure at Figure 41a). In the case of higher oxygen vacancy 

the pre-peak intensity increases and the pre-peak shifts to lower energy. Figure 41b) shows 

the relationship oxygen vacancy and the pre-peak energy with respect to the first peak and 

the integrated pre-peak intensity. One should note that during the cooling experiment of 

(Pr0.85Y0.15)0.7Ca0.3CoO3, I observe a similar increase in O K edge pre-peak intensity as if 

there was an increase in oxygen vacancy concentration, however the pre-peak position 
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shifts towards energy shift at low temperature as opposed to lower energy in the case of 

oxygen vacancies. Therefore, the result of the cooling experiment cannot be read as an 

increase of oxygen vacancy concentration.  

 

Figure 40 Atomic resolved HAADF images of PrxCa1-xCoO3  in pseudo-cubic [001] orientation 

taken from the areas with dark stripes. For a) x=0.30, b) x=0.20 and c) x=0.10. 10% Ca doped 

sample does not have dark stripes. 

 

 

 

Figure 41 O K-edge fine structure of Pr0.7Ca0.3CoO3 as a function of oxygen cobalt atomic ratio is 

shown in part a) where the Gaussian fits for the pre-peak intensity graph is inserted at the lower 

corner. In part b), integrated O K-edge pre-peak intensity versus O/Co atomic ratio and the distance 

between the pre-peak and first peak in eV versus O/Co atomic ratio graphs are shown. 
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I acquired sets of EELS data for the other Pr1-xCaxCoO3 samples, and applied an analysis 

similar to what was shown above for the sample with x=0.3. Since the O K-edge fine 

structure is very sensitive to the oxygen vacancies as shown above, I only pick EELS data 

with an O/Co atomic ratio of  3.00±0.02 and the results are shown in Figure 42a) and Figure 

42b). As an effect of the decrease in average Co oxidation state from +3.3 (for x=0.3) to 

+3.0 (for x=0), the O K-edge pre-peak shifts higher in energy by 0.8 eV, while the 

integrated pre-peak intensity increases. Therefore, I can use this result as a reference to 

define the Co valence state in (Pr0.85Y0.15)0.7Ca0.3CoO3 during the in-situ cooling 

experiment as summarized in Figure 42c). At room temperature, the O K-edge fine 

structure of (Pr0.85Y0.15)0.7Ca0.3CoO3 is almost identical with the Pr0.7Ca0.3CoO3 with Co3.3+, 

while at liquid nitrogen temperature, the O K-edge fine-structure is very close to PrCoO3 

with Co3+. Therefore, the transition from Co3.3+ to Co3+
 through in-situ cooling is verified. 

 

Figure 42 O K-edge fine structure of Pr1-xCaxCoO3 as a function of Ca doping is shown in part a) 

where the Gaussian fits for the pre-peak intensity graph is inserted at the lower corner. In part b), 

the distance between the pre-peak and first peak in eV versus O/Co atomic ratio graph is shown. 

Finally in part c) the comparison of O K-edge fine structures of (Pr0.85Y0.15)0.7Ca0.3CoO3 and Pr1-

xCaxCoO3. 
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Figure 43 Map of distance between the O K-edge pre-peak and the first in eV at liquid Nitrogen 

temperature with average 6.5 eV with standard deviation=0.3eV. 

 

5.2.5 EELS fine structure map at liquid Nitrogen temperature 

Finally, I examine the homogeneity of the valance state transition and the stoichiometry in 

the bulk of a grain. I applied STEM/EELS mapping of grain in the pseudo-cubic [001] 

orientation to search for changes in the Co oxidation state at LN2 temperature. In Figure 

43, the map plots the distance between the O K-edge pre-peak and the first peak in eV over 

an area 41 nm by 41 nm in size and 2.7 nm pixel step size is shown. Due to spatial drift as 

a result of the thermal instabilities, the pixel size might be locally different from what is 

stated above. Nevertheless, the image in Figure 43 clearly shows changes in the O K-edge 

pre-peak position and thus the local Co oxidation state. That is to say, below the MIT 

temperature, valance state of the Co ions is not homogeneous through the grains in PYCCO.  
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5.3 Conclusion 

In this work, I utilized different TEM techniques to study changes in the structural and 

electronic properties of (Pr0.85Y0.15)0.70Ca0.30CoO3 across the metal-insulator transition. I 

directly probe the distortion of CoO6 octahedra, which stabilize the MIT at higher 

temperature,(36) by using ABF imaging. My results are in a good agreement with the Pbnm 

crystal symmetry at room temperature. I also observed oxygen vacancy ordering at room 

temperature, which is observed as a superlattice feature in grains along the [001] 

orientation. Below the MIT, the oxygen vacancy ordering nearly completely disappears 

and this process is fully reversed when the temperature reaches room temperature again. In 

addition, I find that the  unit cell volume decreases during cooling which was reported as 

one of the characteristics of MIT(36) is also observed. The EELS results which show a 

clear increase in Pr oxidation state at low temperature based on the intensity of the minor 

peak before Pr M4 edge while no significant change in Co L-edges to determine the any 

change in Co oxidation state are observed. 

Co3+ has a more stable electronic configuration than Co4+. Therefore, without chemical or 

structural constraints, the Co ions tend to adopt the 3+ valance states rather than 4+. I have 

shown that there are two main changes in crystal structure namely, i) change in the 

superstructure during the transition which is responsible for oxygen vacancies at room 

temperature and ii) decrease in the unit cell size during the transition. The existence of 

vacancy ordering dictates the segregation of Co3+ and Co4+ and limits the charge transfer. 

Interestingly, the oxygen mobility in PYCCO below the MIT has to be sufficiently large to 

enable the diffusion of oxygen vacancies from the tetrahedrally coordinated planes to the 
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fully stoichiometric planes. Therefore, the sample becomes electronically and structurally 

more homogenous which reduces the constraints on the Co ions electronic state. 

Consequently, Co3+ becomes more favorable below MIT temperature.  

Furthermore, the increase in the OK-edge pre-peak intensity can be explained by the 

following: There are two competing parameters for the pre-peak intensity, i) the electron 

population of the Co 3d levels as the result of a Co valence change and ii) the  distribution 

of Co 3d-electrons in as the result of different Co spin states. At lower spin states, eg levels 

are populated less which allows for more available states thereby increasing the O K-edge 

pre-peak intensity. Thus, the Co ions do not experience only valance state transition but 

also spin state transition.  
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6 EELS MAP OF TRANSITION METAL OXIDES 

 

6.1 Introduction 

The population of a cation’s d orbitals and the distribution of electrons within those bands 

determine the physical properties of many oxides in transition metal oxides. To probe the 

unoccupied d band energy levels, one can utilize transition metal L2 and L3 edges stemming 

primarily from the electron transitions of 2p3/2 and 2p½ core-shell states into unoccupied 

3d orbitals. The resulting 2p core hole which has an orbital angular momentum L=1 which 

then couples to the spin angular momentum S=1/2 to produce J = 3/2 and J=1/2 final states 

that are directly observable in the L-edge spectrum as the two main peaks, namely L3 and 

L2(80). One useful feature of the 3d transition metal L-edges is that the L3/L2-ratios can be 

used to identify the oxidation states of the transition metal. If one considers only the 

occupancy of the initial states, then L3/L2-intensity ratio (or white line ratio) should always 

be two, reflecting the occupancy of the initial 2p states (i.e. 4/2=2) However, as a result of 

spin-spin coupling, the occupancy of the final 3d orbital alters the probability for the 

2p3/2→3d and 2p1/2→3d transitions, respectively, and therefore results in different L3/L2-

ratios for different oxidation states.(74) (75) (43) (101) For different transition metals, the 

white-line ratio across the 3d series increases with d occupancy when nd<5, and decreases 

when nd>5(79). In perovskite oxides, the transition metal 3d-O 2p hybridization now 

allows for the d orbital occupancy to be probed also by the O K-edge, which stems from 
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transition of the O 1s to the hybridized O 2p orbitals (9). The O K-edges exhibit three peaks 

near the edge onset, the pre-peak, first and second peak. The first peak and the second peak 

of the O K-edge can be assigned to the hybridized O 2p orbitals with A site and transition 

metal sp orbitals, respectively.(9) (76) Additionally, transition metals oxidation states are 

also correlated to the excitation edge energy position which generally, shifts to a higher 

energy-loss for a higher oxidation state which is called chemical shift.(111) (112) (78) (77) 

(104) Furthermore, the local coordination and local crystal distortion have been reported 

to influence the white line ratio in various perovskite structure.(73) (113) 

Atomic-resolution electron energy-loss spectroscopy (EELS) in the scanning transmission 

electron microscope (STEM) provides us with a direct probe of the structure, chemistry, 

and electronic properties of materials with single atom sensitivity which is provided by 

aberration correctors. Moreover, the sub-Å electron probes allow for the regions between 

two atomic columns to be examined(114). However, the EELS fine structure signal is made 

up of a complicated convolution of the local electronic states and dynamical electron 

scattering, such that the coupling with the STEM probe with local orbitals can probe 

transitions that nobody encountered in an electron microscopy prior to the use of aberration 

correctors. Recently, a pioneering study combined density functional theory and dynamical 

electron scattering to calculate the EELS near edge fine structure as a function of probe 

position.(115) 

In this chapter, I will present experimental results showing that the EELS near edge fine 

structure varies depending on probe position in a variety of 3d-transition metal perovskite 
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oxides. I use (Pr0.85Y0.15)0.7Ca03CoO3, La1-xSrxCoO3, BiFeO3 and SrTiO3 to compare 

different transition metals and CoO6 environments. First, the methods utilized in this work 

are explained and then the experimental results and the conclusion follow. 

6.2 Methods 

I used the probe size of approximately 0.1 nm (labeled as 6C) and 62 pA probe current 

during the EELS maps for optimum current and spatial resolution. The TEM samples are 

prepared by conventional wedge polishing and low energy argon milling methods. For 

elemental maps, the exponential background is subtracted just before the individual edges 

and the integrated signal over 20 eV energy window is used. The white line ratios are 

calculated using the second derivative method, where the second derivative of the spectrum 

is taken and the total positive signal is integrated for individual edges in such a way that 

the continuous exponential background, which depends mostly on effective thickness of 

the sample, does not affect the result.  

6.3 Results and Discussion 

I will begin my discussion with cobalt oxides which have complex Co spin states and 

oxidation states. Combined elemental EELS map of (Pr0.85Y0.15)0.7Ca03CoO3 taken in the 

pseudo-cubic [001] orientation is presented in Figure 44a) where O, Co and Pr are labeled 

with blue, green and red respectively. Separate maps for the individual edge are shown in 

Figure 44b), c) and d) for O K-edge, Co-L edges and Pr-M edges, respectively. The map of 

Co L3/L2 ratio, white line ratio, is displayed in Figure 44e), where a clear dependence of 

the white line ratio is seen as a function of probe position. More specifically, the white line 
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ratio is higher at the Co atomic columns while the minimum is observed at Pr/Ca atomic 

columns. To further highlight these differences, Figure 44f) two raw spectra taken at the 

Pr/Ca and Co atomic column position, as indicated by the colored circles in Figure 44e). 

The white line map and the Co elemental map look very similar, since the white line ratio 

has its maxima at Co atomic columns.  

 

Figure 44 Atomic resolved EELS map of (Pr0.85Y0.15)0.7Ca03CoO3 in pseudo cubic [001] direction. 

The combined chemical map is shown in a). EELS maps of O K-edge, Co L23 edges and Pr M34edges 

are shown in b), c) and d) respectively. Co white line ratio deviation is displayed in e) while a 

comparison of Co and Pr edges taken from red and blue circles is shown in f). 

The other Co system I examined is La1-xSrxCoO3, which exhibits numerous temperature 

induced Co-ion spin state transitions, magnetic transitions, as well as changes in the 

valance states, depending on the Sr-doping concentration. For my purposes here, I took the 
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elemental EELS maps in pseudo-cubic [011] direction for x=0.30 and the results are shown 

in Figure 45. Similar to the previous result, the combined map, O K-edge, Co-L edges and 

La-M edges are shown in Figure 45a), b), c) and d) with the color code that blue for O, 

green for Co and red for La. In this particular sample, the white line map, seen in Figure 

45f), does not show a strong contrast on and off the Co atomic columns although the white 

line ratio changes over the sample, such that it is lower at oxygen atomic columns and 

higher at mixed Co-La/Sr  columns, which can be seen directly in Figure 45g) where two 

spectrum, red and blue, taken from an area shown in Figure 45f). 

 

Figure 45 Atomic resolved EELS map of La0.7Sr0.3CoO3 in pseudo cubic [011] direction. The 

combined chemical map is shown in a). EELS maps of O K-edge, Co L23 edges and La M34edges 

are shown in b), c) and d) respectively. Co white line ratio deviation is displayed in f. A comparison 

of Co and La edges taken from red and blue circles is shown in g). Finally in part h) the combined 

Co atomic columns and the white line ratio is shown. 

 

In Figure 45h), a combined image of Co atomic position with Co white line map in the 

background is seen. Another feature observed in this sample which is shown in Figure 45e). 

I map the O K-edge pre-peak intensity which is normalized with respect to the total O K 
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edge intensity as seen in Figure 45e). The O K-edge pre-peak intensity exhibits an intensity 

minimum at the O atomic columns and creates circular minima. 

The next Co oxide is La0.83Sr0.17CoO3 of which results are shown in Figure 46. Similarly, 

the combined elemental map, O K-edge, Co-L edges and La M-edges maps are shown in 

blue for O, green for Co and red for La in Figure 46a), b), c) and d). In Figure 46 e) and f), 

Co white line ratio map and individual spectra are shown. Similar to the PrCaCoO3 sample, 

the white line ratio has local maxima at Co atomic columns. Finally, in Figure 46g), the O 

K-edge intensity normalized by the total O K-edge signal is shown. Again, the O atomic 

columns have the lowest relative pre-peak intensity. 

 

Figure 46 Atomic resolved EELS map of La0.83Sr0.17CoO3 in pseudo cubic [011] direction. the 

combined chemical map is shown in a). EELS maps of O K-edge, Co L23 edges and La M34edges 

are shown in b), c) and d) respectively. Co white line ratio deviation is displayed in e) while a 

comparison of Co and La edges taken from red and blue circles is shown in f). Finally in part g) the 

relative OK-edge pre-peak intensity map normalized by total K-edge is displayed. 
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The final cobalt oxide example is La0.95Sr0.05CoO3, which is shown in the pseudo-cubic 

[011] direction in Figure 47. The combined elemental map, shown in Figure 47 a), 

consisting of O K-edge, Co L-edge and Pr M- edge maps, labeled in blue, green and red 

color, respectively. O and Co chemical maps are also displayed separately in Figure 47b) 

and c). Figure 47d) shows a map of the relative O K-edge pre-peak intensity which is 

normalized by the total O K edge intensity. The pre-peak is minimum around the O atomic 

columns, while the Co L3/l2 ratio varies depending on the probe position, as seen in Figure 

47 e) and f). The minima of the white line ratio map coincide with the Co atomic columns 

in this case. The line profile of Co intensity and the white line ratio taken from the gray 

line at Co elemental map and white line ratio map is shown in Figure 47 f). The maximum 

of white line ratio signals coincides with the O atomic columns. On the other hand, La/Sr 

atomic columns have the minima in the Co white line ratio which can be seen in Figure 47 

g). 
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Figure 47 Atomic resolved EELS map of La0.95Sr0.05CoO3 in pseudo cubic [011] direction. The 

combined chemical map is shown in a). EELS maps of O K-edge, and Co L23 edges are shown in 

b), and c) respectively. In part d) the relative OK-edge pre-peak intensity map normalized by total 

K-edge is displayed. Co white line ratio deviation is displayed in e) while a comparison of Co and 

La edges taken from red and blue circles is shown in f). The line profile of White line ratio and co 

elemental intensity taken from the gray line in c) and e) is inserted into f). In part g), a combined 

map of Co atomic column and the white line ratio. 

 

 

 The next perovskite oxide is BiFeO3, which is shown in the pseudo-cubic [001] orientation 

in Figure 48. An elemental map of O K-edge and Fe L-edges and Fe white line map are 

displayed Figure 48 a), b) and c) respectively. In this sample, there is a difference in the 

total O K-edge total intensity, but I do not observe any change in fine structure of the O K-

edge, as seen in Figure 48d) as a function of probe position. However, the Fe white line 

ratio fluctuations are clearly observed in Figure 48e).  
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Figure 48 Atomic resolved EELS map of BiFeO3 in pseudo cubic [001] direction. EELS maps of 

O K-edge, and Fe L23 edges are shown in a), and b) respectively. Fe white line ratio deviation is 

displayed in d) while comparisons of O and Fe edges taken from regions with high white line ratio 

and low white line ratio are shown in d) and e) respectively. 

Finally, I examine SrTiO3, which is shown in the [001] projection in Figure 49. The 

integrated Ti L-edge intensity map and individual spectra are shown in Figure 49 b) and 

c), respectively. As seen in c), there is no significant difference in fine structure of Ti L-

edges taken at Ti, Sr and O atomic columns. 
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Figure 49 Atomic resolved EELS map of SrTiO3 in [001] direction. Annular dark field (ADF) 

image taken simultaneously with the EELS data is shown in a). EELS map of Ti L23 edges is shown 

in b). Normalized Ti L-edges taken from three different columns are shown in d). 

 

To begin this discussion, I will focus on the changes in the normalized O K edge pre-peak 

intensity. In La1-xSrxCoO3 system, the low normalized O K-edge pre-peak intensity on O 

atomic columns can be explained as follows: In the perovskite environment, the pre-peak 

intensity stems from transitions into the hybridized O 2p and transition metal 3d orbitals. 

For the O 2p orbitals, the electron wave function is zero at the nucleus. At same time, the 

initial state for the transition measured by the O K-edge is the symmetric 1s orbital which 

is closest to the nucleus and expected to be the most localized. However, the relative pre-

peak intensity is at its minima at the O atomic columns. Therefore, I must be probing the 

final state of the excitation related to pre-peak intensity, namely O 2p-Co 3d hybridization. 

However, in multilayered complex cobalt oxides, it has been reported that the relative pre-

peak intensity is localized at the O atomic columns in one layer and completely delocalized 

in the other one.(116) In my thesis, I can clearly see that the relative O K-edge pre-peak 

intensity is not localized. The result suggests that the relative O K-edge pre-peak intensity 

may provide free electron-hole motion between neighboring Co ions which can be related 

to double-exchange or super-exchange mechanisms associated with ferromagnetic or anti-

ferromagnetic ordering. It is also interesting to see that as the Sr doping increases, the O 

K-edge pre-peak intensity gets more symmetrical around the O atomic columns. 

Until now, the white line ratio of transition metal L-edges was considered the ideal measure 

for its oxidation state. In lower spatial resolution, this approached has worked perfectly, as 
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also shown in earlier chapters of this thesis. As explained in previous chapters, EELS 

probes the unoccupied orbitals above Fermi levels. On the other hand, with a sub-atomic 

spatial resolution, the understanding of the oxidation state map needs to be reexamined. 

Intuitively, the average oxidation state over a region with multiple atoms, or even a single 

atom is easy to understand. When we take atomic-column resolved EELS elemental map, 

or EDS elemental map, we generally detect elemental signal from all parts of the region of 

interest. However, at the atomic columns, the corresponding elemental edge signal is much 

higher than other part of the map, which results in the elemental chemical maps shown 

before. Therefore, in atomic-column resolved EELS maps, we still obtain the La M edge 

signals from anywhere on the sample, including the on the pure Co columns, oxygen 

columns or inter atomic region, in the case of LaCoO3. Talking about oxidation state of an 

ion at a point, where that particular ion is not supposed to be located, appears puzzling. 

However, we know that atomic columns, which are imaged in TEM or chemical imaging, 

such like EELS and EDS, refer to the locations of the nucleus of the corresponding atoms. 

On the other hand, the excitations occurs from inner-shell orbitals. In particular, the 

experiments done in this chapter show that the white line ratio generally has local 

maximum at transition metal atomic columns, but sometimes it is not clearly associated 

with the atomic columns. In (Pr0.85Y0.15)0.7Ca03CoO3, La0.83Sr0.17CoO3 and BiFeO3, the 

white line ratio maxima coincide with the transition metal atomic columns. In 

La0.7Sr0.3CoO3, however, it is hard to say that there is a one to one correspondence for 

higher and lower white line ratio for each atomic site. Similarly, for La0.95Sr0.05CoO3, the 

maxima in the white line ratio signal coincides with O atomic columns and the minimum 
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is located at the La atomic columns. And finally, SrTiO3 does not show any significant 

difference in the Ti L edges. In SrTiO3, the different oxidation states do not only the change 

the fine structure but also causes chemical shift which I do not see here. 

One can speculate that the fluctuations in the white line ratio as function of probe position 

stem from the particular orientation and position of the orbitals, which the atomic electrons 

excite from or into. Such a speculation also requires taking electron channeling effects and 

also the delocalization of inelastic scattering into account. It has been reported that the 

spatial localization of the inelastic scattering depends only on the energy loss measured, 

rather than a details of the material (117) as a consequence of the long-range nature of the 

electrostatic interaction between the incident electron and the atomic electrons in the 

samples which can be order of 0.1nm  at an energy loss of about 700-800 eV. (43) 

All in all, having a very small STEM probe requires more precaution as far as interpreting 

oxidation state maps are concerned. Depending on the probe being at the atomic column 

or not, the EELS fine structure of the transition metal L-edges can be significantly different. 

Therefore, the interpretation of oxidation state as result of change in the fine structure might 

be misleading. However, taking a spatial average of the EELS spectrum would lead a more 

realistic result.  

 

6.4 Conclusion 

In this chapter, I have shown the effects of STEM probes which are smaller than the 

interatomic spacing on the local EELS fine structure in transition metal oxides. I find 
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systematic change in the transition metal white line ratio within the unit cell of various Co-

oxides, which challenges our understanding of the Co L-edge ratio as a measure of the 

local Co oxidation state. Therefore, my work in this chapter suggests that having a sub-

Angstrom size probe, one should reconsider the relationship between the white line ratio 

and the oxidation state. However, I have only shown the changes in EELS signal as a 

function of probe position experimentally for some materials. For an extensive model of 

these observations, theoretical calculations are necessary.  
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7  CONCLUSION AND OUTLOOK 

 

 

7.1 Conclusion 

Having Co ions with three different spin states, namely LS, IS and HS, with mixed valency, 

and nonstoichiometric oxygen distribution, cobalt oxides are different from other 3d metal 

oxides. The mechanism behind the spin states, oxidation states, their transitions and their 

relation to the macroscopic physical properties, such as magnetic ordering, metallic 

behavior etc. are still not well understood. After the recent progress in aberration correctors 

for transmission electron microscopes, sub-Angstrom probe size with high intensity made 

very high spatial resolution with high energy resolution possible, which provides us the 

opportunity of investigating the local structure of materials with high accuracy.  In this 

thesis, complex cobalt oxides are investigated using a combination of aberration corrected 

scanning transmission electron microscopy, electron energy loss spectroscopy and electron 

energy loss magnetic circular dichroism. 

Having a local probe provided by STEM and EELS techniques, I find a Co-ion spin state 

transition in 5% doped La1-xSrxCoO3 through in-situ cooling experiments, while HAADF 

images and SADP do not show any indication of changes in crystal structure symmetry for 
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17% and 30% doped samples. Utilizing the change in the O K-edge pre-peak intensity, I 

concluded that in the 17% and 30% doped samples studied here, the doping driven spin 

state transition is dominant over thermally driven spin state transition at low temperature. 

Additionally, I also have revealed a general trend in the CoO6 octahedral distortions as 

function of Sr doping: The average distortion decreases with the Sr doping level. On the 

other hand, at the highest Sr doping concentration, I have worked with during this thesis, 

areas with strong CoO6 distortion are surrounded by larger areas with weaker distortion in 

opposite direction. In addition to the structure, spatially resolved EELS maps measure the 

variations in the spin states and electronic configuration of Co ions throughout the sample. 

I further find that the average dichromatic signals increase with the higher Sr content. More 

importantly, I have addressed a important question about the Co spin state in LaCoO3. The 

existence of IS has been a controversy. The spatially resolved EMCD map reveals that, at 

room temperature, IS exists with LS and HS, which can guide the theoretical calculation 

to improve our understanding of Co oxides. Also, spatially resolved EMCD directly shows 

that, at 17% Sr doping, magnetic and nonmagnetic regions coexist, which reveals the 

percolative nature of emerging long range magnetic ordering. 

 

I also have investigated the valance state transition in (Pr0.85Y0.15)0.70Ca0.30CoO3 which has 

been reported to have a simultaneous metal to insulator transition (MIT) and a sharp drop 

in magnetic moment upon cooling. In this thesis, for the first time, I measured the local 

structural and electronic changes in (Pr0.85Y0.15)0.70Ca0.30CoO3 as a result of this transition. 
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I identify the oxidation state of Co, which changes from ~+3.3 to ~+3 and the increase in 

Pr valance state, and utilize the O K edge pre-peak for quantifying the Co oxidation state. 

My finding show that the structural modulation in [001] direction, which is the effect of 

oxygen vacancies, become less common during MIT. This unusual behavior is the result 

of the oxygen vacancies migration during the cooling process which makes the sample 

chemically more homogenous, in addition to the structural homogeneity at temperature 

below MIT.  

 

Finally, with the help of aberration-corrected microscopy, I presented experimental results 

showing that the EELS near edge fine structure varies in 3d-transition metal perovskite 

oxides depending on position of probe when it is smaller than the interatomic spacing., In 

particular, I have observed that, in some particular transition metal oxides, the white line 

ratio of transition metal oxide changes when the probe is not located on the atomic column. 

This part of my research suggests that the concept of oxidation state-white line ratio needs 

to be revised when very high spatial resolution is achieved. At lower spatial resolution, this 

effect does not appear to be not a problem . Additional theoretical modeling is required to 

fully understand these effects. 

 

7.2 Outlook 

During the course of this research, potential areas for expansion and improvement became 

apparent. The local CoO6 distortion in La1-xSrxCoO3 is quantified at room temperature and 
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atomic-column resolved in-situ cooling imaging is achieved. However, the O columns are 

not resolved at low temperature due to the thermal instabilities. Imaging lighter elements 

at low temperature is one of the holy grails of cooling experiment with TEM. To understand 

the temperature dependent spin state and magnetic transition completely, quantification of 

local CoO6 distortion is vital.  

Moreover, my research suggests the coexistence of LS, IS and HS state of Co ions of 

La0.83Sr0.17CoO3 at room temperature. Spatially-resolved EMCD measurements should be 

applied for the sample with different hole dopants and at low temperature.  

In-situ heating experiments can help to improve our understandings of spin state 

mechanism of La1-xSrxCoO3 due to the expected the thermally driven spin state transition 

to high spin. With the help of new generation monochromatic STEM, low-loss EELS can 

be acquired with much higher energy resolution allowing the spin polarons to be studied 

using low-loss EELS. 

During the cooling experiment of (Pr0.85Y0.15)0.70Ca0.30CoO3, partial electron transfer from 

Pr to Co ion is observed. To improve our understanding, specimen with different Y and Ca 

doping concentration should be examined. Pr1-xCaxCoO3 with x<0.5 is claimed to have 

similar transition during cooling when external pressure is applied. Thin film specimen 

grown on the suitable substrates can provide such pressure for TEM analysis.  

As far as TEM techniques are concerned, this work suggested that sub-atomic chemical 

EELS maps require extensive modeling. The experiments done in the last chapter of this 

thesis are very interesting and hint at that we need to revise our understanding of valance 



117 

 

state maps using  the transition metal L-edge. However, extensive theoretical calculations 

are necessary to provide a better understanding of what is observed here experimentally 

and the current DFT modeling approaches might not be sufficient in strongly correlated 

systems. 
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