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ABSTRACT

In this dissertation, we have used a combination of synchrotron-based x-ray
spectroscopic, scattering and imaging techniques to investigate the electronic, magnetic
and structural properties of materials and material systems which exhibit natural as well as
engineered nanoscale structural distortions. In order to investigate the interplay between
the above-mentioned degrees of freedom with spatial and depth resolution, we have utilized
non-destructive techniques, such as x-ray absorption spectroscopy (XAS), polarization-
dependent photoemission electron microscopy (PEEM), nanoscale scanning X-ray
diffraction microscopy (hnano-SXDM) and standing-wave Xx-ray photoemission
spectroscopy (SW-XPS). The results were compared to several types of state-of-the-art
first-principles theoretical calculations.

In the first part of the dissertation, we have investigated the nanoscale magneto-
elastic structure of the FesGa magnetic alloy, which was recently reported to exhibit non-
volume conserving magnetostriction. As the result of our combined PEEM and nano-
SXDM study, we have discovered the structural basis for this phenomenon — periodic long-
wavelength (~269 nm) elastic domain walls, with domains (regions of zero-strain) existing
as narrow transition regions. Atto-scale elastic gradients and self-strain across the elastic
domain walls were quantitatively measured and imaged by nano-SXDM. Our
measurements revealed that the gradients inside the elastic walls are accommodated by
gradually increasing/decreasing inter-planar spacing resembling a longitudinal wave. Our
element-specific polarization-dependent PEEM measurements revealed that the magnetic

structure of the crystal modulates with similar periodicity (~255 nm), and the resulting



magneto-elastic coupling produces a ‘giant’ field-induced bulk deformation, which is equal
to the measured self-strain of the elastic domain wall.

In the second part of this dissertation, we utilized a combination of soft x-ray
standing-wave photoemission spectroscopy (SW-XPS), hard x-ray photoemission
spectroscopy (HAXPES) and scanning transmission electron microscopy (STEM) to probe
the depth-dependent and single-unit-cell resolved electronic structure of isovalent
manganite superlattices (Euo.7Sro.3sMnOs/Lao.7Sr03Mn0Oz3)1s wherein the electronic and
magnetic properties are intentionally modulated with depth via engineered O octahedral
rotations and A-site displacements. Standing-wave-excited spectroscopy of the Mn 2p and
O 1s core-levels confirmed the isovalent nature of the Mn ions in the superlattice and
revealed significant depth-dependent variations in the local chemical and electronic
environment around the O atoms, consistent with the state-of-the-art theoretical
calculations. Furthermore, it was shown that a surface relaxation and orbital reconstruction
in the several top Euo7SrosMnOs atomic layers produces substantial changes in the
observed electronic structure, which, according to the first-principles theoretical
calculations, occur due to the establishment of orbital stripe order in the top unit cell.

In summary, we have used synchrotron-based x-ray spectroscopic and microscopic
techniques, in conjunction with high-resolution electron microscopy, to study the
electronic, magnetic and structural properties of advanced functional materials exhibiting
strong nanoscale heterogeneity. We discovered a strong coupling between the nanoscale
structural and magnetic properties in the non-conventional magnetostrictive FesGa single
crystal. Our results suggest that this coupling provides the fundamental basis for the non-
conventional magnetostriction phenomenon in this material. We have also discovered that
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the electronic properties of the Euo7Sro3sMnOs/Lao7SrosMnOs superlattices can be
epitaxially tuned via engineered A-site cation displacement, which is a result of the strong
interfacial coupling between the Euo.7Sro3sMnOs and Lao.7Sro.3MnOgz layers. This suggests
a new way of tailoring and spatially-confining electronic and ferroic behavior in complex

oxide heterostructures and creating novel ordered surface-reconstruction effects.
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5.1 Atomic structural modulations: experiment and theory. a. HRSTEM-HAADF image of
the superlattice along the [100],c projection. The top-left inset shows a magnified image,
highlighting local A-site projected displacements. b. A-site positions and displacements
determined using the HAADF signal. Atomic sites are color-coded according to the
amplitude and direction of the displacement with the uncertainties of 0.04 A and 12.94°,
respectively. c. A-site displacement gradient map, showing the displacement amplitudes,
as referenced to the plane immediately below. d. Atomic-plane-averaged A-site
displacement amplitudes calculated via DFT+U, with the error-bars accounting for the
variations within the individual A-site monolayers. e. High-resolution BF image along the
[100]pc projection. f. LSMO/ESMO supercell built using the averaged data from e. and
overlaid by the simulated BF images (yellow dotted boxes). Magnified simulations for
ESMO and LSMO are shown in the outsets. g. Oxygen octahedral rotation and tilt angles,
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superlattice. b. The best fits between the experimental and calculated SW rocking-curves

for the Eu 4d, La 4d, Mn 3p, and Sr 3d core levels. c. The resultant model of the superlattice,
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which self-consistently describes the shapes and amplitudes of the rocking-curves for every
constituent element in the structure (O is shown separately, in Fig. 3). The white-to-blue
color scale represents the simulated intensity of the x-ray SW E-field (E?) inside the
superlattice as a function of depth and grazing incidence angle. The line-cuts and the
corresponding E-field intensity plots on the right side at the grazing incidence angles of
18.7°, 19.2° and 19.8°, the SW preferentially highlights the top, middle and bottom unit-
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components originating from the bottom (c), middle (d) and top (¢) ESMO unit cells, as
well as the adsorbate at the surface (f). g. Integrated intensities of the unit-cell-specific O
1s spectral components shown in c-f, as a function of the grazing incidence angle. The plots
are vertically offset with respect to each other for clarity. h. SW rocking-curves of the unit-
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5.4 Unit-cell-resolved valence-band electronic structure. a. DFT+U calculations of the
atomic structure of the top three unit-cells of ESMO. The layers exhibit structural

modulations (in agreement with the HRSTEM measurements), as well the surface-layer
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reconstruction, characterized by the emergence of the tilted oxygen tetrahedra. b. Atomic-
plane-resolved O 2p-projected pDOS for the atomic planes containing the equatorial and
apical oxygen atoms in the topmost ESMO layer. c. Unit-cell-resolved SW valence-band

photoemission spectra, probing the corresponding depth-resolved changes in the DOS.
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CHAPTER 1

INTRODUCTION AND EXPERIMENTAL TECHNIQUES

1.1 X-ray photoemission spectroscopy

X-ray photoemission spectroscopy is a powerful and versatile characterization
technique used to study the electronic, magnetic and structural properties of a wide range
of materials, including solids, liquids and gases. Due to the technical challenges of
generating monochromatic Xx-rays, achieving ultra-high vacuum environment, and
designing an accurate electron spectrometer for measurement of the kinetic energies of
photoelectrons, a modern-day photoemission measurement has not been accomplished
until the late 1950s. The first such experiments were carried out by the Swedish physicist
Kai Siegbahn in Uppsala University in 1957 [1-3]. In 1985, Siegbahn was awarded a Nobel
Prize in Physics for the development of modern photoelectron spectroscopy. In the first
part of this thesis, | will introduce the historical evolution of photoemission spectroscopy
as an experimental technique, including the key breakthroughs during the development of
photoemission. | will also discuss the advantages and challenges of photoemission
spectroscopy, by comparing it to related experimental techniques for the measurement of

electronic and magnetic properties of materials.

1.1.1 Basic Concepts and Origins

In 1900, Max Planck proposed a solution for the famous problem of [4] “thermal
radiation” which was stated by Kirchoff in 1859. The work by Planck addressed the
question of "how does the intensity of the electromagnetic radiation emitted by a black

body (a perfect absorber) depend on the frequency of the radiation and the temperature of
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the body?" Due to the technical limitations of the experimental techniques available at the
time, the first fairly precise measurement of the energy distribution in terms of frequencies
at different temperatures (also called “the black body radiation”) were carried out by
Lummer and Pringsheim at 1895 [5]. The interpretation of this radiation spectrum
presented a fundamental challenge to the contemporary understanding of thermal
phenomena. Max Planck approached the problem by making a bold departure from the
classical concepts by treating the energy shared by a collection of simple harmonic
oscillators as a quantized quantity, consisting of a finite number of packets, or quanta (¢ =
hf), where f is the frequency and h is a fundamental proportionality constant (Planck’s
constant).Such description was in direct contradiction of the classical theory, which
assumed that the energy must be a continuous variable. At the time, even Planck himself
did not realize the fundamental implications and consequences of this assumption, which
he utilized as a purely mathematical ansatz.

Aside from the exceptional agreement between the experimental black body
radiation spectrum and Planck’s new theory, the underlying physical picture was unclear,
and its importance remained undiscovered until Albert Einstein turned his attention to it.
In his early work, Einstein followed Rayleigh’s method that treated electromagnetic
radiation as a collection of standing waves inside an oven [6]. This model worked well for
the low-frequency region of the electromagnetic spectrum but fell apart at high frequencies
- the energy density approached infinity and resulted in the, so called, “ultraviolet
catastrophe”. Einstein realized that if he followed Planck’s method and treated

electromagnetic radiation as a gas of particles (later called “photons”) with energy ‘O



"0XQ2 he could reproduce perfectly the experimental energy distribution of the blackbody
radiation at both low and high frequencies.

Revealing the physical meaning behind Planck’s approach, Einstein pointed out the
particle nature of electromagnetic radiation with its energy proportional to the frequency,
and used this model to explain the photoelectric effect in 1905 [7]. The key equation,

quantitatively describing the photoelectric effect can be expressed as follows:

O (ol 1)

where U is the maximum kinetic energy of the emitted photoelectron (assuming no
additional energy loss during the escape from the sample surface), 'Qis the Planck’s
constant (4.135667662 x 10°%° eV-s), "Qis the frequency of exciting radiation, and « is
the material-specific work function that is the potential difference between a given material
and vacuum. Einstein won a Nobel Prize in Physics in 1921 “for his services to Theoretical
Physics, and especially for his discovery of the law of the photoelectric effect”.

In the several decades following the discovery of the photoelectric effect, numerous
experimental and theoretical scientists around the world put forth an effort to investigate
the “new physics” stemming from this phenomenon, which resulted in many important
discoveries [8-16]. In the meantime, these discoveries also stimulated and advanced the
development of modern-day quantum mechanics [17-19]. In 1923, Louis de Broglie put
forward the theory postulating the wave nature of electrons and suggesting that all matter
has wave properties [20]. This concept marked the birth of modern quantum mechanics
and opened up a new world in physics, as well as people’s understanding of ‘microcosmic’

universe of photons, electrons, protons, atoms, molecules and solids. Following this
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discovery, the band theory in solid-state physics described the energies in momentum space
of the wave function of electrons in periodic lattices based on quantum-mechanical
principles [21]. Since then, physicists started to develop a truly fundamental understanding
of the electronic properties of solids, such as transport, resistivity and optical conductivity,
which comprise the foundation of all modern-day solid-state devices.

With the development of modern solid-state physics, it rapidly became clear that in
order to understand and control these key electronic properties, it is critical to be able to
measure the density of the electronic states (DOS) and to understand the character of the
Fermi surface of a material. However, it was not until the late 1950s, that the direct
measurements of these important parameters have become possible. In fact, the first
measurements of the electronic structure of materials utilizing photoemission
spectroscopy, a technique which is based on the photoelectric effect, were pioneered by
Kai Siegbahn, Carl Nordling and Evelyn Sokolowski in Uppsala University in 1957. The
early measurements were used to determine the chemical shifts in the binding energies of
the deep-lying core level states [22,23], and later the focus shifted to include the
characterization of the states in the valence bands and near the Fermi level [24,25].
Siegbahn won the Nobel Prize in Physics in 1981 "for his contribution to the development
of high-resolution electron spectroscopy" [26,27], which is now known as the x-ray
photoelectron spectroscopy, or XPS.

For the practical implementation of the photoelectric effect with the purpose of
measurement of the kinetic energies in a conventional photoemission spectrometer, the

theoretical equation for the photoelectric effect (1) should be modified to include the
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Fig. 1.1 Energy levels for a metallic specimen in electrical equilibrium with a photoelectron
spectrometer. The closely-spaced levels below the Fermi level represent filled portions of the
valence bands in specimen and spectrometer. The deep levels represent core levels. A similar
diagram also applies to a semiconductor or an insulator, where the Fermi level lies above the filled
valence bands (from Ref. [29]).

binding energy of the excited orbital as well as the work function of the spectrometer
[28,29]:

" O Q © 0O Q © . 2
Here, O "Q is the binding energy of a core level or a valence-band state relative
to the vacuum level, ‘O s the kinetic energy of photoelectron when leaving the sample,
'O s the kinetic energy of photoelectron when it enters the spectrometer, O "Q is the
binding energy of electron relative to Fermi level, and is the work function that

includes work functions of both the specimen and the spectrometer. All the relevant

energies in Eq. 2 are shown schematically in a diagram above (Fig. 1.1. from Ref. [29]).



In case of a charge accumulation at the surface of an insulating or semiconducting
sample, or a bias voltage between the specimen and a spectrometer, the measured O
should be corrected by w @ . Apart from the charging effects and bias voltage,
the measured Kkinetic energy could also be affected by the small nuclear recoil effects,
which become non-negligible for high photon energies (hard x-ray regime) and low atomic
numbers (light atoms) [30]. These effects are beyond the scope of this thesis, and thus will

not be discussed further.

1.1.2 Basic Experimental and Instrumental Considerations

Prior to discussing the results of the measurements comprising the scientific part of
this thesis, it is beneficial to give an overview of the experimental and instrumental
considerations, which are relevant to photoemission spectroscopy and other Xx-ray
techniques used in this work. By using photoemission spectroscopy as a model example,
in the following, | will briefly introduce the basic experimental considerations for its
implementation, which are also generally relevant to other advanced x-ray characterization
techniques, such as x-ray absorption spectroscopy and scattering. The key components of
a photoemission apparatus include an x-ray source or sources, variable-temperature sample
manipulator, a vacuum system, and an energy analyzer. The measured sample could be a
solid, a liquid and even a gas, which requires special treatment and a delivery/recovery
system to preserve the ultra-high vacuum environment in the analysis chamber [31-33]. All
the samples described in the current work are solid thin films on single-crystalline
substrates, bulk single crystals, and epitaxial superlattices.

A conventional x-ray source in a lab-based XPS system consists a vacuum tube,

high-voltage cathode, an anode and, in many cases, a monochromator [28,34]. A heated
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cathode is the source of electrons that are accelerated with high voltage (typically 20 to
150 kV), toward an anode target. A high-vacuum environment is necessary inside the tube
to minimize the collisions and subsequent scattering of the high-energy electrons from the
air molecules, which dramatically reduces the efficiencies of such sources. The x-rays are
produced when electrons interact with the target, which is typically made of solid
magnesium, aluminum or chromium. Recently, liquid-jet targets utilizing molten
germanium have been introduced for high-energy XPS (HAXPES). The target typically
emits a smooth background of bremsstrahlung radiation, as well as a higher-intensity
characteristic x-rays whose energies depend on the anode material. In this process, a deeper
core-level electron of the target material is ejected, leaving a core-hole, which is then filled
by the decay of a shallower-level electron, which is accompanied by the emission of a
photon. The energy of the emitted photon corresponds to the difference between these two
energy levels, and for the target materials listed above is in the x-ray region of the
electromagnetic spectrum. For example, the photon energy of a characteristic Al Kas 2
emission line is 1486.6 eV, corresponding to the 2p — 1s transition. The photon energy of
the electromagnetic radiation produced using an x-ray anode source (x-ray tube) is
therefore fixed and cannot be changed except by switching out the target anode material.
However, the ability to tune (or vary) the excitation energy can be particularly
useful for a wide range of experiments, such as resonant photoemission spectroscopy,
photoemission microscopy (PEEM), and x-ray absorption spectroscopy (XAS) - the
techniques used in the current work. The studies described in this thesis were carried out
using x-ray radiation produced by the synchrotron sources with tunable photon energy and
polarization [35]. Third-generation synchrotrons enable a wide range of powerful and

7
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Fig. 1.2 Schematic diagram of the typical photoemission experimental geometry. B, ¢ and O7oa are
the polar and azimuthal rotational degrees of freedom. A is the “in-between” angle between the x-
ray incidence and the spectrometer direction.

versatile x-ray techniques for studying electronic, magnetic and structural properties of
materials by providing highly-brilliant collimated (and in some cases coherent) light with
tunable photon energy and polarization, and are therefore vastly superior to the
conventional monochromatic x-ray sources.

For various types of x-ray experiments, specific experimental geometries are
required, with parameters such as the sample position and angle, x-ray incidence angle,
photoelectron take-off (or analyzer) angle, and/or detector angle well-defined and
accurately calibrated. This, along with sample heating/cooling, is the function of a sample
manipulator (or goniometer), which supports the sample in the analysis chamber during the
measurement. A manipulator with well-defined and accurately calibrated degrees of
freedom is crucial for obtaining accurate electronic, magnetic and structural information in
three dimensions, in both real and reciprocal (momentum) spaces. Fig. 1.2 above illustrates

all the rotational (polar and azimuthal) degrees of freedom required for a comprehensive

8



three-dimensional characterization of a sample in reciprocal (momentum) space. The third
(perpendicular) dimension in the momentum space in photoemission experiments is
accessible by varying the incident photon energy. Most experimental facilities also provide
the three translational degrees of freedom, so that the sample can be moved in the x, y and
z directions for real-space mapping, as well as for the positioning of the measurement spot
on the desired location on the sample. For most photoemission facilities, the angle between
the direction of the x-ray beam and the analyzer is fixed, due to the difficulty rotating a
large photoelectron analyzer. In this case, the x-ray incidence angle Binc and the detector
angle Broa become coupled parameters.

Heating and cooling components are usually incorporated into the manipulator, so
that the temperature can be controlled and stabilized by balancing the two. Accurate and
stable temperature control is critical for the investigations of phase change materials (e.g.
materials that undergo a metal-insulator transition [36]) and, in general, for materials with
complex temperature-dependent phase diagrams [37,38]. Resistive heating elements are
usually employed for heating, while liquid nitrogen or helium is used for cooling,
dependent on the minimum temperature required for the experiment. An electronic control
system with a PID (proportional—integral—derivative) feedback is used to set the desired
temperature. For high-precision temperature-dependent measurements, samples position
adjustments become necessary due to the thermal expansion/contraction of the various
parts of the manipulator.

High- or ultra-high-level vacuum environments (10°-10! torr) in the analysis
chamber and in the electrostatic analyzer are critical for the feasibility of the experiments,

since the photoelectrons are easily scattered and/or absorbed by ambient atoms and
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molecules. This is also true, although to a lesser extent, for soft x-rays. Therefore, for
photon-in photon-out experiments (not involving photoelectrons), typical acceptable
pressure in the experimental chamber is on the order of 108 torr. Outgassing of the samples
and the sample-mounting materials, such as silver paste/epoxy and/or carbon tape presents
an issue for some ultra-high vacuum experiments, and thus long pump-down times,
chamber ‘baking’, and/or sample annealing is sometimes required.

Atmospheric contamination of the sample surface, typically resulting in ~1-2 nm
of carbon- and oxygen-containing adsorbate layer, may also affect some particularly
surface-sensitive experiments in a detrimental way. This issue is particularly critical for
photoemission experiments in the VUV and soft x-ray regimes, where the inelastic mean-
free paths (IMFP) of photoelectrons in solids are on the order of just several Angstroms
[39]. Such limitation makes conventional photoemission experiments particularly surface
sensitive, motivating elaborate in-situ surface cleaning, preparation and cleaving
techniques, as well as in-situ synthesis of the samples. Significant strides have been made
over the past decade to combine advanced thin-film growth techniques, such as the
Molecular Beam Epitaxy (MBE) and Pulsed Laser Deposition (PLD), with advanced
photoemission characterization instruments (such as XPS and ARPES), in order to study
thin-film sample without breaking the vacuum [40]. Several such advanced synthesis-
characterization cluster systems are currently operational, with some of them available as
user-facilities at various national laboratories and synchrotron sources.

Arguably the most technologically advanced component of a typical photoemission
instrument is the electrostatic analyzer. A typical hemispherical analyzer (Fig. 1.3 from
Ref. [41]) that is capable of dispersing the emitted photoelectrons according to their kinetic

10
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Fig. 1.3 Schematic diagram of a typical electrostatic hemispherical analyzer. The photoelectrons
are collected through an electron optical lens and dispersed in energy and momentum within the
hemisphere. Electronic information is recorded by the MCD/CCD combination detector (From Ref.

[41]).

energies as well as their final photoelectron momentum. A modern state-of-the-art
photoelectron analyzer is a result of decades of accumulated knowledge and technical
experience, spanning several fundamental, applied and engineering disciplines [42,43].
The key components of a typical photoelectron analyzer include the electron retarding
optics column, two concentric hemispherical electrodes, and a two-dimensional signal
detector. Photoelectrons emitted from the sample enter the analyzer through the entrance
slit, which is a quasi-1D opening in the electron-retarding column, and to a large extent
defines the range of the solid acceptance angles of the analyzer. As a typical example, the
acceptance angle of a photoelectron analyzer at the ADRESS beamline in Swiss Light

Source is 16°. Depending on the application, a larger or a smaller acceptance angle could
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be required for optimal performance. Modern-day wide-angle analyzers for high-energy
photoemission spectroscopy (HAXPES) have photoelectron acceptance angles of up to
60°.

The slit size affects the overall number of detected electrons and also defines, to a
large extend, the energy and momentum resolution of the analyzer. To achieve an optimal
compromise between the signal strength and an acceptable resolution, variable slit size is
instrumental, depending on the excitation energy and the investigated material system.
Minimizing the slit size improves the overall resolution of the measurement, but often
results in longer measurement times required to obtain acceptable signal-to-noise ratio. In
such cases, high-photon-flux sources, such as synchrotron and free-electron laser
beamlines, are highly instrumental and have a significant advantage over conventional lab-
based x-ray sources [44].

After passing through the entrance aperture (slit), the photoelectrons enter the
retardation section of the spectrometer which is a multi-element electrostatic lens system,
designed to retard or accelerate photoelectrons to the pre-determined pass energy of the
analyzer. As a result, the analyzer is required to disperse only a set fixed range of electron
energies and momenta. Final photoelectron energies are calculated by combining the
energies that the electron gain or lose in the retardation section with the energies recorded
in the dispersive part. The major advantage of this design is that analyzer is capable to
measure larger ranges of kinetic energy, by having several pass energy settings (e.g. 5 eV,
10 eV, 50 eV, 100 eV and 200 eV) acting as ‘gears’ in an automobile. High pass energies
result in higher signal and lower resolutions, while low pass energies vyield less
photoelectrons at the detector but furnish high-resolution data.

12



The key component of an electrostatic photoelectron analyzer is a set of two biased
concentric hemispherical electrodes, which disperse electrons with different Kkinetic
energies into different radii, as shown in Fig. 1.3. The analyzer is designed to produce an
inverted image of the entrance slit on the detector, which means the image is reversed along
the momentum (x) axis. Electron kinetic energy is dispersed along the y direction. The two-
dimensional (momentum versus Kinetic energy) image is then obtained by a combination
of an electron multiplier (a pair of multi-channel plates, or MCPs) and a charge-coupled

device (CCD) screen. Further details can be found in references [26,42].

1.1.3 Bulk sensitivity vs. surface sensitivity

Although photoemission spectroscopy is inherently a surface-sensitive technique,
there exist various ways of tailoring the information depth by varying the photoelectron
take-off angle, increasing the photon energy, or by using x-ray optical effects such as total
external reflection and standing-wave excitation. In this dissertation we utilize all the
above-mentioned methods to extract a comprehensive depth-resolved picture of the
electronic and structural properties of complex materials systems at the surfaces, buried
interfaces and in the bulk. In the following sections, | will detail the basic principles and
the key technical considerations for these methods.

One of the critical parameters, which, to a large extent, determines the available
range of the information depths in any experiment which relies on the photoelectric effect
is the photoelectron inelastic mean-free path (IMFP) A inside the solid. The IMFP is a
material-specific quantity, which is highly-dependent on the photoelectron kinetic energy
and is defined as the distance a photoelectron can travel in a given material before being

inelastically scattered. The elastic scattering events also play a role in limiting the probing
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Fig. 1.4 Inelastic mean free paths (IMFPs) for 41 elemental solids, calculated using the TPP-2M
formula: Li, Be, three forms of carbon (graphite, diamond, glassy C), Na, Mg, Al, Si, K, Sc, Ti, V,
Cr, Fe, Co, Ni, Cu, Ge, Y, Nb, Mo, Ru, Rh, Pd, Ag, In, Sn, Cs, Gd, Th, Dy, Hf, Ta, W, Re, Os, Ir,
Pt, Au, and Bi. Diamond and the alkali metals deviate from the common trend. The dashed straight
line for the higher energies represents a variation as Q $ ‘0 | and is a reasonable first-order
approximation for neary all of the elements shown (from Ref. [39]).

depth and, when included, result in a more realistic quantity, termed the effective
attenuation length (EAL) AeaL. Apart from the strong direct dependence on the kinetic
energy, the IMFP and EAL are also functions of the physical materials’ properties, such as
the density, band gap and the dielectric function. An accurate estimate of the IMFP values
could be calculated via a widely-used TPP-2M equation, originally derived by Tanuma,
Powell and Penn [45-49], and later adjusted to include the elastic effects by Jablonski [50].
Fig. 1.4 (from Ref. [39]) illustrates the variation of theoretically-predicted values of the
IMFP with the photoelectron kinetic energy for 41 elemental solids, as derived using the
TPP-2M formula [39]. The kinetic-energy dependence follows a well-known “universal

curve for photoemission” with a roughly linear dependence on a log-log scale for the
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kinetic energies above approximately 100 eV. Some deviations/offsets are observed for the
alkali metals (Li, Na, Cs and K) as well as diamond, occurring due to unique density-of-
states characteristics near the Fermi level. The IMFP reach their minimum values of 1-10
v in the energy region between approximately 20 eV and 100 eV. Co-incidentally, this is
an energy range where most conventional angle-resolved photoemission spectroscopy
(ARPES) measurements are carried out, due to the fixed photon energies of the readily-
available VUV light source. At higher energies, the IMFPs increase roughlyas 08 8 |
reaching hundreds of A in the hard x-ray (multi-keV) regime. At very low energies (<20
eV) the IMFP curves for most elements turn upward again, making measurements
somewhat more bulk sensitive. This is a phenomenon which is utilized in laser-based
photoemission spectroscopy with the typical photon energies on the order of 6 eV.
However, with the work functions for most materials being in the range of 4-5 eV, only the
very top (~1 eV range) of the valence-band manifold could be explored in this regime. For
all other applications, such as core-level spectroscopy, valence-band mapping (entire
manifold), x-ray photoelectron diffraction and microscopy, etc., the only avenue for
obtaining depth sensitivity and bulk/interface electronic properties is by increasing the
excitation energy into the soft and hard x-ray ranges. This argument motivates the
extensive of soft- and hard x-ray techniques in this thesis.

Assuming the elastic and inelastic scattering is isotropic in a given material, the
effective attenuation length Aeac is also generally isotropic in all directions. The detected
electron intensity 1(z) could then be expressed as ‘04 QA @B Q | Q@&

where O is the initial intensity at depth z, Q is the effective attenuation length, and

— is the photoelectron take-off angle (detector angle). Due to this relationship, the
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Fig. 1.5 lllustration of the basic angle-resolved scheme for varying the surface and bulk sensitivity
by changing the photoelectron take-off angle — s The averaged probing depth for no-loss
emissionis Q i Q€& , as measured perpendicular relative to the sample surface.

probing depth z, as measured perpendicular to the surface of a sample, could be
experimentally varied by changing the take-off (detector) angle — , as shown in Fig.
1.5. When — is small, the measurement becomes more surface-sensitive. The probing
depth z reaches its maximum value in the “normal-emission” experimental geometry, at
— w T Thus, by carrying out measurements at several take-off angles and then
comparing them to each other, the bulk-like and surface-like components of the spectrum
could be detected and deconvolved. This widely-used technique (angle-resolved XPS) is
very useful when the electronic structure of the surface layers is different from that of the
bulk, which is almost always the case for realistic materials systems, especially if the
surface of the sample has been exposed to ambient environment. Other surface phenomena,
such as surface reconstruction and/or relaxation, may affect the surface properties even in
an ultrahigh vacuum environment. The first angle-resolved XPS measurements of Au were
carried out by Fadley and Bergstrom in 1971 [24]; spectroscopic signatures of the surface

impurities as well as a carbon-containing contamination layer were enhanced at low take-
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off angles, and a strong modulation for Au 4f core-level intensities due to the x-ray
photoelectron diffraction effects was also observed. The sample was rotated with respect
to the detector direction to access various take-off different angles, one at a time. Presently,
with the development of the modern-day wide-acceptance-angle analyzers and two-
dimensional CCD detectors, it is now possible to obtain wide-angle (up to 60° range)
angular distribution of XPS spectra in a one-shot measurement, as described later in this
thesis [51].

Another method for achieving depth-resolution in a photoemission measurement is
by utilizing the standing-wave x-ray optical effects. Standing-wave-excited photoemission
spectroscopy (SW-XPS) as an advanced experimental modality of photoemission, which
was first pioneered by Yang and Fadley in 2000 [52]. SW-XPS in the soft x-ray regime
utilizes samples which are grown as, or on top of, a synthetic multilayer mirror
(superlattice), which in the first order Bragg reflection condition produces an x-ray
standing-wave within and above the sample. As mentioned above, the energy of the
exciting radiation and the incidence angle should satisfy first-order Bragg condition _
¢Q i "Q& where _ isthe x-ray wavelength, ‘Q s the thickness of one period of
the superlattice, and — is the x-ray incidence angle. The antinodes of the resultant x-
ray standing-wave could be scanned (moved) within the superlattice, along the normal
direction (vertically), by varying the incidence angle —  around the Bragg condition, or
by changing the photon energy (wavelength). In this experimental mode, the maximum
range of vertical motion for a SW antinode is approximately half-a-period of the
superlattice, which is usually sufficient to extract the depth-resolved electronic-structure

profile of a buried layer or an interface. Another possible way to translate the standing-
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wave across the interface is by synthesizing the second-to-last top layer of the sample in a
shape of a wedge between the superlattice (below) and the top layer (above). The ‘sloped’
interface can then be translated through the static standing-wave, which is generated by the
superlattice below, simply by moving the sample laterally. This technique has been referred

to in the literature as the “SWEDGE method” [53].

1.2 X-ray photoemission in the hard x-ray regime

As | mentioned in the previous section of this thesis, by increasing the photon
energy from VUV to soft x-ray, to hard x-ray regimes, the bulk sensitivity of photoemission
can be enhanced, as evidenced by the “universal photoemission curve” shown in Fig. 1.4.
Such energy dependence arises due to the fact that the probing- (or information-) depth is
largely governed by the degree of inelastic scattering in a material, which is characterized
by the inelastic mean free path (IMFP) shown in Fig. 1.4 for forty-one elemental solids in
the Kinetic-energy range between 10 and 10,000 eV. Although an upturn in the values of
the IMFP is observed for most elements at the lower kinetic energies (<20 eV), the increase
in the probing depth is limited, non-uniform, and highly material-dependent. Nevertheless,
low-energy laser-based photoemission has been successfully applied for the studies of
many materials and materials systems, and evidence of bulk-sensitivity has been observed
for some systems [54]. Having mentioned this, the only way to ‘universally’ access a wide
range of probing depths for a wide range of materials and binding energies in
photoemission, is by increasing the photon energies into the keV and multi-keV regimes.
Thus, the advent of synchrotron-based hard x-ray photoemission spectroscopy (HAXPES)
in the early 2000s has opened a door for many new possibilities in the studies of complex

materials and materials systems [55].
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Although modern-day synchrotron-based HAXPES has only emerged as an
established technique in the early 2000s, the development of hard x-ray photoemission
spectroscopy has a long history, with the very first high-energy experiments carried out by
Kai Siegbahn in 1957 [1]. In this seminal study, the main objective was to accurately
measure the binding energy of the Cu 1s core-shell electrons by using a 17.4 keV hard x-
ray Mo Ka source. The proof-of-principle experiment was a success, but soon afterwards
it was realized that experiments at such high photon energies are not practical due to the
low resolution of the resultant photoemission spectra, as well as extremely low
photoelectron yield at the detector due to the low photoionization cross sections [56,57].
The photoionization cross sections in the high-energy asymptotic limit vary roughly as
0 © 0O 8 for s subshells, and as @ O 8 for p, d and f electrons. Thus, in
order to achieve higher energy resolutions as well as higher photoionization cross sections
resulting in higher photoelectron yield at the detector, new x-ray sources utilizing the
characteristic x-ray emission from the Al Ka and Mg Ka core shells (with photon energies
of 1486.7 eV and 1253.6 eV, respectively) were developed. The dramatic improvement in
energy resolution and intensities came at a price of a drastic decrease in bulk sensitivity,
setting XPS on a course to establishing a reputation of an intrinsically surface-sensitive
characterization technique.

Further improvements in energy resolution as well as intensities require the use of
x-ray monochromators and the reduction of the size of the analyzer entrance slit, as
described in Section 3.1.2 of this thesis. However, addition of a diffractive x-ray optical
component, such as a grating (or crystal) monochromator, typically reduces the x-ray flux

by 3-4 orders of magnitude. Similarly, significant reduction in the analyzer entrance slit
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width, in turn, reduces the photoelectron yield at the detector. Thus, a significantly more
brilliant source of x-rays is required to compensate for the losses incurred due to the
additional resolution-improving x-ray- and electron-optical components.

Thus, in 1974, the first x-ray photoemission spectroscopy experiments were carried
out using parasitic x-ray synchrotron radiation (1% generation source) at the high-energy
Stanford Positron Electron Accelerator Ring (SPEAR) by Ingolf Lindau and Piero Pianetta
(Stanford/SLAC) [58]. Measurements of Au 4f core-level spectra were carried out in the
hard x-ray regime (8 keV), which was optimal considering the energy of the ring, and
opened a new chapter in the field of experimental condensed matter physics. The first
dedicated sources of synchrotron radiation, termed the 2" generation sources, were the
Synchrotron Radiation Source (SRS) at the Daresbury Laboratory in the UK, and the
National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory. The
brilliance of such dedicated sources was already several orders of magnitude larger than of
a standard x-ray tube, allowing for the use of monochromators and focusing optics,
providing the capability to continuously tune the excitation energy, and yielding energy
resolutions on the order of ~0.25, which was 3 — 4 times better compared to the
conventional x-ray tube (see Fig. 1.6 from Ref. [59]).

Although the brilliance of the 2" generation synchrotron sources presented a vast
improvement over the conventional x-ray tube sources (see Fig. 1.6), most hard x-ray
photoemission spectroscopic measurements were still unfeasible, due to the extremely low
photoionization cross sections in the multi-keV regime [60]. Thus, most experiments were
still carried out in the soft x-ray regime (~200-1500 eV), with the typical probing depths
limited to ~10-20 A.
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Fig. 1.6 Improvement of the brightness of X-ray sources with time (black) in comparison to the
development of the areal magnetic storage density in computers (gray). The dotted curve represents
Moore’s law. The x-ray brightness is plotted as an average brightness on the left and has been
aligned to the right scale of peak x-ray brightness at the point representing 3rd generation
synchrotron radiation sources. (from Ref. [59])

It is only with the advent of the 3™ generation synchrotron sources, equipped with
high-energy x-ray undulator insertion devices [61] providing higher flux in the multi-keV
regime, that the modern-day HAXPES experiments became possible (see Fig. 1.6). This
technological progress was matched by the concomitant development of high-efficiency
detectors and hard x-ray monochromators. Currently, close to forty 3" generation light
sources operate around the world, with prominent HAXPES beamlines at the SPring-8
synchrotron (Japan), Diamond Light Source (UK), PETRA Ill and BESSY Il (Germany),
Soleil (France) and several others [55]. The HAXPES measurements described in this

thesis were carried out at the beamline 109 of the Diamond Light Source (UK).
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Finally, x-ray free-electron lasers (XFEL) are considered to be the 4™ generation
light sources, providing high-brilliance pulsed coherent radiation that is several orders of
magnitude brighter (per pulse) compared to a 3" generation synchrotron, and thus enabling

time-resolved investigations of dynamical properties in materials [62].

1.3 Standing-wave photoelectron spectroscopy in the soft x-ray regime

As was described in the previous section of this thesis, over the past several decades
hard x-ray photoelectron spectroscopy has emerged as a powerful and versatile technique
for characterization of the bulk electronic structure of matter. However, it is important to
note that even at high excitation energies, it is always true that more photoelectrons will be
emitted from surface layers compared to the bulk due to the inelastic scattering processes.

This is because the depth-dependent photoelectron intensities will always vary as "O&

"0A @ D———— , and will be highly-dependent on the IMFPs of the photoelectrons in

a given material. Thus, assuming uniform x-ray illumination inside the sample, higher
degree of scattering of photoelectrons originating from the deeper layers is inevitable.

However, if one could tailor the intensity profile of the exciting x-ray’s E-field
inside a sample, this constraint could be lifted. For example, if it were possible to modulate
the intensity of the x-ray’s E-field to be higher in the bulk compared to that at the surface,
the photoemission signal originating from the bulk would be enhanced. This concept can
be realized by utilizing x-ray optical effects, such as the standing-wave excitation — the
basis for standing-wave excited photoelectron spectroscopy (SW-XPS).

The underlying principle enabling standing-wave spectroscopy is the Bragg

reflection from periodic structures. In case of soft x-ray SW-XPS, the interference of the
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incident and reflected x-ray waves in the first-order Bragg condition forms a standing-wave
inside (and above) a periodic sample, such as a synthetic superlattice. The first
experimental implementation of the x-ray standing-wave spectroscopy was demonstrated
by Bob Batterman (Bell Labs) in 1964 [63]. A single-crystalline Ge sample was used to
measure x-ray fluorescence scattering around the Bragg reflection condition; the measured
fluorescence curve exhibited an asymmetric shape (a dip in intensity at the Bragg angle),
indicating the formation of a standing-wave in the crystal. In the following studies, it was
demonstrated that the phase of the standing-wave inside the sample could be shifted by
varying the incidence angle around the Bragg condition, which results in the movement of
the antinodes (high E-field regions) within the sample. Standing-wave spectroscopy in the
hard x-ray regime had been used extensively to study atomic impurities in crystals [64],
surface reconstruction [65], and geometrical structure of various monolayers [66].
Standing-wave spectroscopy from artificial multilayers in the soft x-ray regime
started with the work by Bedzyk et al. [67] using x-ray fluorescence detection, by Kortright
et al. [68] using x-ray magnetic circular dichroism, and by Fadley et al. [52] using
photoemission. In the latter, Yang and Fadley et al. reported the first soft x-ray ("
X L@ standing-wave photoemission application using a periodic (B4sC(22.5A)-
W(17.1A))s0 multilayer [52]. Sharp incidence-angle-dependent “rocking-curve”
modulations in the core-level photoemission intensities of each element in the structure
were observed around the Bragg condition, consistent with the x-ray optical theoretical
calculations. As a result, depth-resolved x-ray photoemission spectra for the core-level

emission from B, C, W and O atoms were obtained.
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Fig. 1.7 Schematic diagram of experimental geometry, including a wedge-shaped Fe/Cr bilayer on
top of a synthetic multilayer standing wave generator. Note the Cartesian axes, with magnetization
along y and the sample scanned along x. (From Ref. [69])

The first application of the SWEDGE method (first mentioned in section 1.1.3) for
probing the buried Fe/Cr interface was reported by the Fadley group in 2002 [69]. A wedge-
shaped Fe/Cr bilayer was grown on top of a multilayer (BsC/W)ao. Soft x-ray standing-
wave was moved through the Fe/Cr interface by translating the bilayer laterally as shown
in Fig. 1.7 (from Ref. [69]). Magnetic and electronic properties of the atomic species at the
buried interface were investigated by analyzing the resultant polarization-dependent
photoemission spectra as a function of sample position, and thus depth relative to the
interface.

An x-ray optical theoretical code (YXRO, for Yang x-ray optics) was developed to
analyze and interpret the experimental SW-XPS data [70]. The software is available to the

scientific community [71] and can be used to simulate all relevant parameters, such as the
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photoemission intensities, intensity of the electric field, x-ray reflectivity, x-ray emission
intensity, and Auger emission intensity as functions of the incidence angle, photon energy
and wedge thickness. The general theoretical methodology detailing the calculations of
photoelectron, Auger-electron, and x-ray emission in the presence of several x-ray optical
effects is described rigorously in Ref. [70] by Yang et al..

In Chapter 5 of this dissertation, we utilize soft x-ray SW-XPS as well as the above-
mentioned x-ray optical code to investigate the atomic-layer-resolved electronic properties
of an isovalent manganite superlattice (Euo.7SrosMnOs/Lao.7SrosMnQOz)1s5, wherein the
electronic and magnetic properties are intentionally modulated in depth via engineered O

octahedra rotations and A-site cation atom displacements.

1.4 X-ray absorption spectroscopy (XAS) in the soft x-ray regime

The advent of the synchrotron radiation sources with tunable photon energy and
polarization of x-rays has enabled another profoundly useful and widely-utilized x-ray
spectroscopic technique - x-ray absorption spectroscopy, or XAS. In XAS, the photon
energy of the exciting radiation (typically, soft x-rays) is scanned across an absorption
threshold of a given element’s orbital (e.g. Fe L23 absorption edge) exciting the core-level
electrons from that orbital into empty states in the conduction band. The resultant energy-
dependent spectrum of absorbed intensity carries information about the orbital-projected
unoccupied density of states (for the allowed transitions), as well as oxidation states and
coordination environment of the probed atoms [72-76].

In a traditional transmission-detection geometry (see Fig. 1.8(a)), the absorption of
the photon in the above-mentioned process results in the reduction in the transmitted

intensity, which will have an energy-dependent signature (spectrum). For such
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transmission-based experiments, the sample must be thin enough to be semi-transparent to
x-rays. This is usually accomplished either by depositing the studied material as a thin layer
(few tens of nm) on a SiNx membrane, or by growing the sample itself as a free-standing
membrane.

For many types of samples, such as single crystals or epitaxial oxide films on solid
crystalline substrates, such synthesis/deposition scheme can be either challenging or
impossible. Thus, two other detection techniques are commonly used — total electron yield
(TEY) or total fluorescence yield (TFY). In the TEY detection mode, illustrated
schematically in Fig. 1.8(b), the core-hole is filled by upper-level electron, which results
in an emission of a photon. The emitted photons, in turn, excite Auger electrons, which
cause a low-energy cascade through inelastic scattering process on the way to surface. The
drain current (electron yield), measured via a wire connected to the sample surface is
proportional to the absorption probability [77]. The photons that are emitted after the
upper-level electrons fill the created core-hole give rise to the total fluorescence yield
(TFY), which can be detected with a photodiode [78]. The two methods (TEY and TFY)
can be (and in many cases are) used concomitantly, because of the different
probing/information depths. Since the x-ray attenuation lengths in solids are on the order
of microns, the TFY mode is generally and a much more bulk-sensitive method, while the
TEY mode is more surface sensitive (~5 nm) due to the limited IMFPs of Auger electrons
[79]. In this thesis, we use XAS exclusively in the TEY mode, in order to facilitate
information depths that are comparable to those of the photon-in electron-out techniques,

such as SW-XPS, HAXPES and PEEM.
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Fig. 1.8 Two common methods to measure Xx-ray absorption (a) left figure show typical
transmission geometry for x-ray absorption measurement, middle figure shows X-ray absorption
process, photon with energy zw excite a core electron into empty states in conduction band, for
example, 2p — 3d excitation in transition metal. Right figure shows transmitted intensity Iv/lo as
function of photon energy for Co thin film of 10 nm. Dip in the spectrum indicate strong resonance
photon absorption. (b) Left figure illustrates the process of electron yield measurement of XAS for
conductive material, a sensitive current meter is connected to sample to detect how much electrons
fly out of sample that is due to process in middle figure. The core hole is filled by upper level
electron, emitted photon then excites another electron (Auger electron), Auger electrons cause a
low energy cascade through inelastic scattering process on the way to surface. The measured
emitted electron yield is proportional to the absorption probability. The electron yield spectrum
I/lo on the right side is that of Co metal. (From Ref. [59])

For the transition metals and transition-metal compounds, the L3 absorption edges
also exhibit large spin-orbit-coupling effects, and thus provide access to probing the local
magnetic moments via dipole allowed 2pf 3d transitions. Therefore, when probed with
circularly-polarized x-rays, these edges exhibit x-ray magnetic circular dichroism effect

(XMCD), which is defined as the difference in absorption between right and left circularly
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polarized x-rays and can be used to extract quantitatively the spin- and orbital magnetic
moments on the transition-metal atoms [80]. In this thesis, we utilize the XMCD effect
extensively, both spectroscopically and microscopically, to probe the magnetic properties

of Ferz.9Gazs.1 alloys.

1.5 X-ray photoemission electron microscopy (PEEM)

Auger electrons emitted during the absorption process described in Section 1.4
(above) create a cascade of low-kinetic-energy secondary electrons, which penetrate to the
surface of the sample and can be collected and imaged using a series of electrostatic
electron-optics lenses. This is the underlying principle behind the operation of a
photoemission electron microscope (PEEM), pioneered by Tonner [81] and illustrated in
Fig. 1.9. In x-ray PEEM (X-PEEM), a monochromatic x-ray beam from a synchrotron
radiation source illuminates the sample with a spot size on the order of tens of micrometers,
which is usually matched with the maximum field-of-view of the microscope. In theory,
all the photoelectrons (secondary, Auger, core-level and valence-band) that are emitted
from the sample are collected by the objective lens, however, the intensity of the secondary
electron emission, with kinetic energies of approximately 0 — 20 eV, dominate the intensity
of the signal by several orders of magnitude. The probing depth of a typical X-PEEM is
therefore comparable to the typical probing depth facilitated by XAS, which is on the order
of 5 nm.

The intensities observed in the resultant PEEM images are thus determined by the
secondary-electron vyield, which is directly proportional to the x-ray absorption cross
section. The emitted photoelectrons are accelerated by the potential on the objective lens

(typically 5-15 kV), and then pass through a series of electrostatic electron lenses that
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magnify the image by hundreds or thousands of times before it reaches the phosphorus
screen and the CCD camera. The final PEEM images can be viewed at video rate in real
time. The energy resolution of X-PEEM is limited by the resolution of the beamline and
the monochromator and the typical spatial resolution is on the order of 50-100 nm [82].
The average Kkinetic-energy spread of the detected secondary electrons is
approximately 5 eV for most materials [83], which inevitably leads to chromatic aberration
artefacts; the difference in the electrons’ direction (momentum) results in spherical
aberration effects. The chromatic aberrations effects are dominant in X-PEEM due to a
larger energy spread, compared to the UV excitation. Over the past decade, much effort

has been put into the development of aberration-corrective electrostatic optical elements
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for X-PEEM. For example, the PEEM-3 endstation at the Advanced Light Source (LBNL)
utilizes curved electron mirrors, which counter the lowest-order aberrations, as well as
accelerating-field optics, facilitating spatial resolution of ~20 nm.

The ability to tune photon energy as well as linear/circular polarization of the
exciting x-rays enables element and orbital selectivity, as well as the capability to image
purely magnetic contrast via XMCD. In this thesis, we utilize circularly-polarized x-rays
with photon energies tuned to the Fe L, and Ga L absorption edges (708 eV and 1121 eV,
respectively) to obtain element-specific nanoscale maps of magnetic domains in the FezGa
single-crystal. Images recorded using the left-circular-polarized and right-circular-

polarized x-rays are normalized and subtracted from each other to obtain the XMCD maps.

1.6 Nanoscale scanning hard x-ray diffraction microscopy

Scanning hard x-ray diffraction microscopy (nano-SXDM) is a powerful and
widely-used technique for the determination and imaging of structural heterogeneity of
crystalline samples in biology, chemistry and condensed matter physics [84-86]. With the
recent advances in x-ray optics, such as the development of hard x-ray focusing Fresnel
zone-plates, as well as the active-feedback interferometric positioning, spatial resolution
of the state-of-the-art scanning hard x-ray nanoprobe beamlines has reached ~25 nm [87],
which is comparable with the spatial resolution of X-PEEM. When combined with the
unique qualities of the synchrotron-generated x-ray beams, such as high stability, high flux
and partial/full coherence, nano-SXDM could be used in-tandem with complementary x-
ray microscopic techniques, such as X-PEEM to, investigate electronic-structural
relationships in magnetoelastic and magnetostrictive materials on the nanoscale. In this

thesis, we utilize such combination of X-PEEM and nano-SXDM to probe the relationship
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Figure 1.10. llustration of Scanning Probe Microscopy in Advanced Photon Source at Argonne
National Laboratory. White X-ray beam was first focused with mirror and aperture, and then pass
through monochromator which filter unwanted wavelength. The monochromatic X-ray then was
focused using a focusing zone plate onto a sample, the diffraction detector is used to detect reflected
X-ray signal. (From Ref. [87])

between the structural and magnetic modulations in nonconventional magnetostrictive
Fers.9Gaze.1 alloys (see Chapter 4).

Unlike the far-field spectroscopic imaging method, such as X-PEEM, the nanoscale
scanning hard x-ray diffraction microscopy (nano-SXDM) is a scanning (rastering)
technique based on Bragg diffraction. In order to carry out the experiment, a partially-
coherent monochromatic hard x-ray beam is prepared by a series of mirrors, apertures and
a single-crystal monochromator. The beam is the focused onto the sample with a hard x-
ray Fresnel zone-plate. The resultant spot size of the x-ray beam on sample is
approximately 25 nm, as determined by the outermost zone width of zone plate [87]. A
two-dimensional photon detector is used to detect and record the scattered signal. In
specular diffractive geometry, when the x-ray incidence angle corresponds to the Bragg
angle, the position of the Bragg peak can be recorded by the detector. Due to the fact that
the hard x-rays penetrate several microns into a solid sample with less than 1 percent
absorption, this technique therefore probes the bulk structural properties of materials. The
20 angular position of the Bragg peak carries the information on the interplanar spacing in

a crystal, a therefore a lattice-spacing map could be obtained by scanning the x-ray spot
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across the sample laterally by moving the zone-plate aperture. High accuracy and stability
is achieved by using an active-feedback laser-interferometric positioning system, providing
positional stability between approximately 2 and 5 nm per hour for an uncontrolled drift
over long time scan.

In this thesis, we utilized nano-SXDM at the hard x-ray nanoprobe beamline of the
Advanced Photon Source to investigate the elastic gradients and nanoscale changes in self-
strain in the nonconventional magnetostrictive Fe7zoGazs1 alloy. Angular positions of
several Bragg peaks were recorded by the detector for each scan, and then used to extract
the information on in-plane and out-of-plane lattice spacing, as a function of position on

the sample. The results are described in-depth in Chapter 4.
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CHAPTER 2

INSTRUMENTATION AND EXPERIMENTAL PROCEDURES

2.1 Synchrotron radiation

All the measurements using soft and hard monochromatic x-rays described in this
thesis were carried out at the third-generation synchrotron beamlines, at the Advanced
Light Source (LBNL), Swiss Light Source (PSI) and Advanced Photon Source (ANL). As
mentioned in the Introduction, synchrotron accelerators were initially designed for high-
energy particle physics research, wherein elementary particles, such as electrons or
positrons, are accelerated and collided at relativistic velocities. X-ray radiation produced
when the charged particles changed their trajectories was considered to be an unwanted
by-product, since their first experimental observation in by Elder, Langmuir and Pollock
in 1947 [88]. However, in the several years following the original discovery, further
research was carried out of the properties (energy, bandwidth, intensity etc.) and potential
applicability of the synchrotron radiation [89], which led to the first generation of
(parasitic) synchrotron radiation facilities.

The above-mentioned facilities were often referred to as the “parasitic” x-ray
sources, due to the fact that the primary application of these synchrotrons was still high-
energy particle physics, and the storage rings were designed highest-possible collision
rates, which meant low beam currents and below-optimal x-ray intensity. Nevertheless,
even in such “parasitic” operation, the versatility and uniqueness of the resultant x-ray
radiation were soon recognized by the scientific community. Thus, to optimize the
properties of the beam (stability, energy, bandwidth and brilliance) for the x-ray users, the

33



ALS Beamlines

Quantum Materials (MAESTRO) 7.0.2 7.3.1 High-Pressure In Situ Soft X-Ray Spectroscopy
Coherent Scattering and Microscopy (COSMIC) 7.0.1 lﬂbb 7.3.3 SAXS/WAXS/GISAXS
Calibration, Optics Testing, Spectroscopy 6.3.2 y 8.0.1 Surface and Materials Science (RIXS)
Magnetic Spectroscopy / Materials Science 6.3.1 e 8.21 Macromolecular Crystallography (BCSB/HHMI)

Full-Field Transmission Soft X-Ray Microscopy 6.1.2 8.2.2 Macromolecular Crystallography (BCSB/HHMI)
8.3.1 Macromolecular Crystallography (TomAlberTron)
8.3.2 Tomography (micro-CT)

Polymer STXM 5.3.2.2 9.0 Chemical Transformations

STXM 5.3.2.1 9.3.1 Tender X-Ray Spectroscopy

Research and Development 5.3.1 9.3.2 Ambient-Pressure Soft X-Ray Spectroscopy

10.0.1 ARPES, SpinARPES

Booster

Macromolecular Crystallography (BCSB) 5.0.3 Ring

Macromolecular Crystallography (BCSB) 5.0.2 10.3.1 X-Ray Fluorescence Microprobe

10.3.2 Hard X-Ray Microprobe

11.0.1 PEEM3/Resonant Soft X-Ray Scattering

11.0.2 Molecular Environmental Science

11.3.2 EUV Lithography Photomask Imaging (SHARP)
12.0.1 EUV Lithography Nanopatterning (MET/MET5)
12.0.2 Coherent X-Ray Scattering

Macromolecular Crystallography (BCSB) 5.0.1
Macromolecular Crystallography (MBC) 4.2.2
High-Resolution Spectroscopy (MERLIN) 4.0.3
Magnetic Spectroscopy and Scattering 4.0.2
General X-Ray Testing Station 3.3.2
X-Ray Footprinting 3.2.1

National Center for X-Ray Tomography 2.1 12.2.1 Small-Molecule Crystallography
12.2.2 Diffraction Under Non-Ambient Conditions

IR Imaging and Tomography 2.4 ) 12.3.1 SIBYLS—MXand SAXS

IR Spectromicroscopy 1.4 KEY Operational — — Under Development 12.3.2 Microdiffraction

Insertion Device Bend Magnet Superbend

Beamlines Beamlines Beamlines wa0ts

Fig. 2.1 Schematic illustration of Advanced Light Source (ALS) located in Berkeley, California, it
lists all the beamlines that is in operation and under development. From Ref. [93].

second-generation synchrotron sources were either built from scratch or upgraded from the
first-generation (parasitic) synchrotrons. The synchrotron sources used in the research
described in this thesis are the most recent “third-generation” facilities, which utilize the
so-called “insertion devices”, such as “wigglers” and “undulators” [90-92]. Wigglers and
undulators consist of two long (several meters) periodic arrays of magnets, which are
placed in the straight sections of the storage ring. Electrons traveling between these two
arrays are forced to undulate/oscillate by the alternating magnetic fields. As a result of this
undulation, intense and well-focused electromagnetic radiation is produced. In this chapter,
I will give a brief introduction to the synchrotrons and beamlines where the experiments

described in this thesis were carried out.

2.2 Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, USA)
Advanced Light Source (ALS) (see Fig. 2.1 from Ref. [93]) is a research facility

that provides extremely bright and partially coherent third-generation x-ray source for a
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wide range of users from both academia and industry all over the world. It is a division of
the Lawrence Berkeley National Laboratory (Berkeley, California) and is operated by the
University of California. ALS produces ~10'° photons per second per mm? per mrad? per
0.1%BW in brightness, compared to only ~10° for a conventional x-ray tube. ALS has 40
beamlines that host 2,000 users every year, and offers 5000 operating hours per year in
average [94]. Currently the ALS is preparing for an upgrade, the ALS-U project, which
will convert the facility into a fourth-generation storage-ring light source with unparalleled
soft x-ray coherent flux, as well as improved infrared, EUV and hard x-ray capabilities

[95].

2.2.1 Beamline 4.0.2: Magnetic Spectroscopy and Scattering
BL4.0.2 is the first ALS beamline that was equipped with an elliptically polarizing
undulator (EPU), which can produce x-rays any arbitrary linear or circular polarization

direction [96]. It is also equipped with a varied-included-angle plane-grating

Shield
Elliptically L2l
Polarizing Swit.Chyard
Undulator Mirror I
(LTI Premirror

F End Station
Grating *9¢Us PEEM

ror Focus @
Mirror .

Entrance
Slit

Exit Slit
PEEM Refocus
Turning
Mirror

(Moveable)

Spectroscopy
End Stations

Fig. 2.2 Schematic diagram of ALS Beamline 4.0.2 located in Lawrence Berkeley National
Laboratory. From Ref.[98].
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monochromator, achieving an extended photon energy range of 400-1500 eV [97]. The
beamline has been in operation since 1999. The typically-used photon-energy range of the
beamline is from 400 to 1000 eV, with left-circular, right-circular, and continuously
variable linear polarization over a 90° range. Typical combined experimental energy
resolution (undulator and monochromator) is approximately 100 meV. The x-ray spot-size
at the sample surface is approximately 100 um by 100 pum, which is sufficiently small for
most measurement, however, the footprint of the x-ray spot increases with the decreasing
grazing incidence angle.

In the studies described in this thesis, we utilized the ALS beamline 4.0.2 [98] for
polarization-dependent x-ray absorption measurements and x-ray circular magnetic
dichroism (XAS/XMCD). The endstation provides controllable magnetic field up to 0.5
Tesla in any direction, which is achieved by the superposition of magnetic fields generated
by four dipole magnet pairs arranged in octahedral configuration [99]. The temperature of
the sample is controlled by balancing the flow rate of liquid helium/nitrogen and power of
the heater with the feedback from a thermal sensor. In the past several years, the beamline
has undergone an upgrade, wherein the motion of the undulator and the monochromator
has been synchronized, reducing the overhead time and thus allowing for fast photon-

energy scans (one high-resolution spectrum per several minutes).

2.2.2 Beamline 11.0.1: PEEM-3

PEEM-3 is an aberration corrected Photoemission Electron Microscope (PEEM)
instrument at beamline 11.0.1 of the ALS (LBNL). The aberration correction, achieved
with an additional electron mirror (see Fig. 2.3 below from Ref. [100]), significantly

improves the spatial resolution of the PEEM [100] from a typical value of ~100 nm down
36



OL: objective lens

FL: field lens

DP: diagnostic
paddle

TL: transfer lens
PL: projector lens
SL+Q: separator lens/quadrupoles

Fig. 2.3 Layout of the PEEM-3 microscope. The inset photo shows real facility from the view of
electron mirror towards to separator magnet. The sample is put on sample holder that is controlled
by manipulator. Photoelectrons that are excited out of sample by X-rays are accelerated by electric
field, and pass through OL, FL and DP and are directed into electronic mirror, then bounced back
through TL, PL and finally reach the camera. From Ref. [100].

to ~30 nm in optimal operational conditions. PEEM-3 is designed and optimized for the
studies of magnetic, chemical and structural properties of thin films and surfaces of
materials.

PEEM-3 offers the users several degrees of freedoms, such as variable temperature
(30-1000 K), external magnetic field, short current or voltage pulses and customized
sample holders, which can handle sample of different shape and sizes. Liquid helium or
nitrogen could be used in-tandem with a built-in heater to control the sample temperature,
with continuous feedback from a thermal sensor, which is installed close to the sample.
Magnetic fields of up to 0.5 T could be used to switch magnetization of the sample between
the measurements. Application of magnetic field during the measurement affects the

photoelectron trajectories, and is generally not done in PEEM. Similar to beamline 4.0.2
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(see above), PEEM-3 uses a beamline equipped with an EPU insertion device, providing
high photon flux and allowing arbitrary-variable circular and linear polarizations. In this
thesis, we utilize circularly-polarized x-rays to obtain XMCD-PEEM images, which
provide purely-magnetic contrast and thus enable to map nanoscale magnetic
inhomogeneities. The spot size of the x-rays on the sample is adjustable using KB-optics

to match the field-of-view, which can be varied between 10x10 pum and 100x100 pm.

2.3 Swiss Light Source at the Paul Scherrer Institute (Villigen, Switzerland)

The Swiss Light Source (SLS) (see Fig. 2.4 from Ref. [101]) is a third-generation
synchrotron radiation source with 2.4 GeV electron storage ring and 400 mA beam current
[102], which is located at the Paul Scherrer Institute in Villigen, Switzerland. The planning
of SLS started at 1991, and was approved at 1997, the first light was observed in 2001.
SLS currently (2018) has 16 beamlines in user operation and provides 5000 operation hours
per year for users in Switzerland and other countries. SLS provides a wide variety of x-ray,
ultraviolet and infrared techniques for a broad range of scientific disciplines, such as
structural biology, quantum materials, energy materials, as well as advanced micro- and
nanofabrication technologies for both academia and industry.

Similar to all other third-generation synchrotron sources, SLS utilized undulators,
wigglers, and monochromators to produce intense, focused monochromatic x-rays with
tunable photon energy and polarization (both linear and circular). SLS is optimized for the
ultraviolet and soft x-ray range, providing a photon flux of ~10% photons per second per
0.4 A, and has a stable beam current of 400 mA with continuous charge refilling (top-up
mode operation) [103] to increase the beam lifetime. The electron orbit fluctuations during

the top-up cycles are negligible for all intents and purposes. The electron beam in the
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Fig. 2.4 Schematic illustration of the Swiss Light Source (SLS) at Paul Scherrer Institute (PSI)
located in Villigen, Switzerland. From Ref. [101].

storage ring is stabilized by 350+ magnets that focus and reaccelerate the electron bunches.
SLS accelerator currently has the narrowest electron beam compared to any other

synchrotron facility.

2.3.1 ADRESS (Advanced RESonant Spectroscopies) Beamline at the SLS

ADRESS beamline is a high resolution undulator beamline at the SLS that is
constructed and optimized specifically for angle-resolved photoelectron spectroscopy
(ARPES) and resonant inelastic x-ray scattering (RIXS) in the soft x-ray regime [104]. In
this section, | focus on the capabilities and technical specifications of the soft x-ray ARPES

endstation, which was utilized for all of our photoemission experiments. ARPES is a
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Fig. 2.5 (a) Schematics of ARPES endstation; (b) picture of real ARPES facility in ADRESS
beamline.

photon-in/electron-out technique, which provides a direct probe of the electronic structure
of solids. The unprocessed output of the ARPES experiment is the map of photoelectron
intensities as a function of electron kinetic energy and electron crystal momentum or wave
vector in three-dimensional k-space (kx, ky, kz). ARPES is currently used widely for the
momentum-resolved studies of novel quantum materials, strongly-correlated oxides, two-
dimensional materials, and high-T¢ superconductors, etc. The principle advantage of
utilizing ARPES in the soft x-ray regime is the enhanced bulk sensitivity, and decreased
sensitivity to surface contamination.

The x-ray photon energy of the ADRESS beamline ranges from 300 to 1600 eV,
which covers the most important Ls 2 and Ms 4 absorption thresholds for the transition- and
rare-earth metal elements, respectively. This allows for resonant photoemission
spectroscopy experiments, which enhance the cross-sections of the above-mentioned

elements in the valence-bands [60].
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The total experimental energy resolution (E/AE) of the beamline is above 33,000 at
1 keV photon energy. The undulator facilitates variable circular and linear polarization of
the x-rays, with the photon flux between 3x10* and 1x10* photons per second per 0.01%
BW at 1 KeV photon energy. The vertical x horizontal FWHM Xx-ray spot size on the
sample is approximately 10 um x 73.6 pum. For typical normal-emission-geometry
experiments, the x-ray beam is incident on the sample at the grazing angle of 20° and has
a fixed angle of 70° to the energy analyzer direction. The photoelectron analyzer has an
angular resolution of 0.07° and the ultimate experimental energy resolution of <5 meV.
The total experimental resolution is therefore limited by the energy resolution of the
beamline. The entrance slit size of analyzer has an angular acceptance angle of 16°,
facilitating momentum resolution along the kx direction in the momentum space.
Resolution in ky and k; is achieved by rotating the sample and varying the photon energy,
respectively. The six-axis sample manipulator is equipped with a He flow cryostat with a

minimum achievable temperature of approximately 10 K.

2.4 Advanced Photon Source (APS) at the Argonne National Laboratory

APS (see Fig. 2.6 from Ref. [105]) is a third-generation synchrotron radiation light
source funded by U.S. Department of Energy (DOE) and operated by the Argonne National
Laboratory and the University of Chicago. The Advanced Photon Source was designed to
be the tender- and hard-x-ray counterpart to the Advanced Light Source (LBNL). With the
total beam current of 100 mA, the electrons in the storage ring are accelerated to 99.999+%
of the speed of light, with the final energy of 7 GeV. The resultant electron beam produces
synchrotron radiation which peaks in intensity in the hard x-ray regime. Thus, most of the

68 operational beamlines in APS focus on structural hard-x-ray studies in the areas of
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Fig. 2.6 Schematics of Advanced Photon Source at Argonne National Laboratory located in
Araonne, lllinois, USA. From Ref. [105].

condensed matter physics, materials science, chemistry, environmental studies, geophysics
and structural biology. APS attracts more than 3,500 scientists every year to do scientific
research. To date, the research performed at the APS has contributed to over 10,000
published studies, including the 2009 Nobel Prize in Chemistry [106].

Several beamlines at the APS are designed specifically for high-spatial-resolution

diffractive imaging. These beamlines utilize advanced x-ray optics, including hard-x-ray
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Fresnel zone plates to focus large numbers of photons into micron- and nanometer-size
areas on the sample, achieving high spatial resolution (e.g. 20-30 nm — see below) in
scanning (or rastering) imaging mode. Part of the scientific work described in this thesis
was carried out at one of such beamlines — the Hard X-ray Nanoprobe Beamline operated
by the Electron and X-ray Microscopy Group at the Center for Nanoscale Materials (CNM)

at Sector 26.

2.4.1 Hard X-ray Nanoprobe Beamline of the APS

The Hard X-ray Nanoprobe Beamline at the APS is an x-ray microscopy facility
that is designed and operated by the Center for Nanoscale Materials (CNM). Its wide range
of capabilities, including scanning nano-diffraction, fluorescence and full field imaging,
make this beamline a powerful and versatile tool for the studies of nanoscale structure and
heterogeneity in materials relevant in physics, chemistry and biology.

The beamline uses two APS type-A undulators [107] to cover the x-ray photon
energy range from 3 to 30 keV, which enables resonant studies of most elements in nature.
When two undulators work in phase, the brilliance of the beamline is 2.7 times that of a
single undulator, producing angular power density of up to 19.2 kW mrad. Hard x-ray
Fresnel zone plates are used to focus the x-ray beam into a very small size (20-30 nm),
which is defined by the outermost zone width of the zone plate as well as the photon energy.
A control system with laser interferometric feedback is used to facilitate high precision and
stability of the x-ray spot positioning. Three separate detectors for fluorescence, diffraction

and transmission are mounted outside of the chamber, as shown in Fig. 2.7 (from Ref.

[87]).
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Fig. 2.7 Photograph and schematic drawing of Hard X-ray Nanoprobe showing the three detection
modes for nanoscale imaging. From Ref. [87].

The diffraction detector, which was utilized extensively in this thesis, can be
positioned at arbitrary azimuthal and polar angles with respect to the sample, so as to allow
access to all accessible in-plane and out-of-plane diffraction peaks. Best spatial resolution
of ~20 nm is achieved with the minimum x-ray spot size and a comparable

scanning/rastering step size.
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CHAPTER 3

DATA PROCESSING AND ANALYSIS METHODS

3.1 Preliminary data processing of the XPS spectra

Careful systematic processing and analysis of the experimental XPS data is a very
important and necessary step leading to the interpretation of the underlying physics. For
example, virtually in every synchrotron experiment, there exists a measurable mismatch
between the photon energy set by beamline control computer and the actual photon energy
selected by the monochromator. Such mismatch, which is usually completely arbitrary,
often prevents one from accurately determining the binding energies of the peaks and from
identifying relevant peak components. Furthermore, the useful signal usually sits on top of
some sort of a background (e.g. inelastic background in XPS), and is modulated by the
experimental noise. Therefore, prior to the in-depth analysis and comparison of the spectra,
it is often necessary to process the raw experimental data in order to either remove or

minimize these artefacts/effects.

3.1.1 Fermi-Edge Calibration, Background Subtraction, and Peak Fitting

Fermi-edge calibration using a standard clean Au sample is used to eliminate the
mismatch between the photon energy set by the beamline control computer and the true
photon energy of the beam, which is set by the monochromator. The position of the
valence-band Fermi edge of Au, which is defined by the half-maximum of a sharp Fermi
drop-off in the intensity of the Au d states in the DOS, is used to define the zero-binding-
energy position in the spectrum. Typically, the Fermi edge region of an Au thin film is

measured long enough to obtain good statistics and then fitted using a convolution of the
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Fig. 3.1 Fitting of Fermi-edge for Au thin film measured at BL15XU (Spring-8) with convolution
of calculated Fermi-Dirac and Gaussian functions. FWHM of Gaussian function represents the
energy resolution of beamline, kinetic energy at the vertical back dashed line is a good estimate for
the “real” photon energy of the beamline. From Ref. [108].

Fermi-Dirac distribution function (see below) with a simple Gaussian function. The Fermi-

Dirac function is shown in equation (3) below:

¢ —2 ®

o) 0

Here, ks is the Boltzmann’s constant, _ is the energy of particle i, p is the
chemical potential (position of the Fermi level along the binding-energy scale), T is the
absolute temperature, which should be same as the experimental sample temperature. Full
width at half maximum (FWHM) of the Gaussian function corresponds to the total
experimental energy resolution, and can be either fixed (if the resolution is known) or
varied. Fig. 3.1 (From Ref. [108]) shows a typical fit to the Au Fermi edge, with the red
dots representing the experimental data measured at beamline BL15XU at SPring-8, the
green solid curve is the Fermi-Dirac function at T = 300 K (sample temperature), the blue
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Fig. 3.2 lllustration of removing the background from O 1s raw spectrum of Eug7SrosMnOs/
Lao.7SrosMnQOs superlattice. (a) Black color spectrum is the raw experimental data; the red curve is
Shirley background. (b) shows the background subtracted spectrum which is difference of raw
experimental data and Shirley background in (a).

solid curve is the Gaussian function with the FWHM of 235 meV (total experimental
energy resolution — varied during the fitting), and the red solid curve is the final best fit to
experimental data.

Another common issue arising during the analysis of the raw XPS spectra is the
presence of the continuous background due to the inelastic scattering of the photoelectrons,
as well as the Bremsstrahlung effect. The additional energy-dependent background
intensity arises when the photoelectrons propagating through the solid sample experience
inelastic collisions with other electrons or atoms, leading to the partial loss of their Kinetic
energies. The scattered electrons, which are shifted to lower kinetic energies, contribute to
the continuous background in the final measured spectrum. Such background could be
removed by the, so called, Shirley background subtraction [109], leaving a meaningful
corrected spectrum, as shown in Fig. 3.2 (b).

It should be noted here that the line profiles of the core-level XPS peaks are not
simple Gaussian or Lorentzian functions, which, in fact, rarely provide an adequate fit to
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Fig. 3.3 Fitting of background subtracted spectrum in Fig. 3.2, five VVoigt functions are used to fit
the experimental spectrum. The red curve is final best fitting to data.

the experimental spectrum. There are several reasons that recorded experimental data
deviates from these idealized profiles. At the fundamental level, Doniach and Sunji¢
pointed out theoretically that the asymmetry, or distortion, of the measured XPS (or
fluorescence) spectra arise due to the interaction of the created holes and electrons [110].
There can also be a number of experimental artefacts present, which may lead to various
types of deviations. First, the response function of the electron analyzer may be asymmetric
(or non-linear); second, the x-rays may not be monochromatic, and the energy distribution
the exciting radiation could affect the overall shape of the measured XPS spectrum; third,
there is an intrinsic broadening of the spectral peaks due to the intrinsic lifetime of core-
level holes and phonons; lastly, morphology and surface charging could also influence the

recorded spectrum. The proposed famous “Doniach-Sunji¢ lineshape” has been used
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widely to fit the experimental XPS spectra and to account for the inelastic background. In
1972, David Shirley proposed to use a differential “Shirley Background” instead of the
linear background introduced in the Doniach- Sunji¢ profile. This led to a considerable
reduction of the asymmetry in the lineshapes due to the experimental artifacts.

After a background subtraction, the photoemission spectra are typically fitted using
either Voigt, pseudo-Voight, Lorentzian or Gaussian functions in order to separate the
constituent peaks in the spectrum and determine their respective binding energies. Fig. 3.3
shows a typical multi-component peak fitting of an O 1s core-level spectrum with a
combination of Voigt functions, where the Levenberg-Marquardt algorithm is used
converge on the best fit [111,112]. The Voigt function is the most commonly-used basis
lineshape used for the fitting of the experimental XPS spectral components. The expression
for the Voigt function is a weighted sum of Lorentzian and Gaussian functions and is a
permutation of a Doniach-Sunji¢ lineshape. The variable fitting parameters are usually the
positions of the individual peaks along the binding energy axis, the amplitudes, and the
widths of the Lorentzian and Gaussian contributions. When analyzing larger arrays of data
with multiple similar spectra recorded at different conditions or on different sample, it is
sometimes beneficial to constraint the variable parameters or relationships between the
parameters, in order to obtain meaningful results or trends. This is an area where advanced
and flexible fitting applications are necessary. Such approach will be discussed in more

detail in Chapter 5 of this thesis.

3.2 Simulations of Photoelectron Spectra
It is often instrumental and sometimes imperative to be able to simulate the XPS

spectra for a studied material or a materials system. Such ability is especially useful during
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a synchrotron-based experiment, when relevant peaks and features have to be identified
quickly and unambiguously for further detailed angle-resolved or temperature-dependent
measurements. In principle, the binding energies of the core-levels for almost all elements
in the periodic table have been tabulated with high accuracy [113], and the values of core-
level chemical shifts for many compounds are also available in the literature [114-117].
However, other important observables, such as the photoemission intensities and Auger
electron peaks can be strongly-dependent on the energy and polarization of the exciting x-
rays, experimental geometry, as well as the structure and the composition of the
investigated materials systems. In this thesis, we extensively use a software package called
SESSA (Simulation of Electron Spectra for Surface Analysis) [118] to simulate the
experimental photoemission spectra and to facilitate better quantitative interpretation of
these spectra.

To simulate the photoemission process and to generate the resultant simulated XPS
spectrum, an expert system (such as SESSA) first establishes the relevant peaks according
to the composition of the studied material, energy of the photon source and the kinetic-
energy range detected by the spectrometer. This is accomplished automatically, by
referencing the relevant NIST database of the core-level binding energies as well as
chemical shifts. When the relevant peaks for the defined Kinetic-energy range are
established, as the next step, the software calculates the relative peak intensities based on
the sample structure and geometry, photon energy and polarization, experimental
geometry, and chemical compositions of the constituent materials. The relevant
parameters, which are either retrieved from the NIST database or calculated based on the
user-defined input, include the basic properties of material (such as density, atomic number
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of each element etc.) [119], total inelastic mean free path [120,121], differential inverse
inelastic mean free path, differential elastic-scattering cross section [122], total elastic-
scattering cross section, transport scattering cross section [123], photoionization cross
section [124], photoionization asymmetry parameter [56], electron-impact ionization cross
section [125-127], photoelectron line shape [128], Auger electron line shape [129],
fluorescence vyield, and Auger backscattering factor. As mentioned above, all these
parameters are provided in the SESSA/NIST database with tractable references to
literature. The energy range of the database is from 50 eV to 20 keV, which set the limit
for the simulation range.

Once all the necessary parameters are calculated and/or retrieved from the NIST
databases, SESSA performs the simulation of the XPS spectrum for the specified
experiment. To simulate all the relevant (and non-negligible) interactions within the solid,
as well as the process of photoemission from the surface and the arrival at the detector,
SESSA uses an algorithm that is based on the ‘partial intensity approach’, which describes
the trajectories of electrons arriving at the detector, rather than all the photoemitted
electrons. The partial intensities are calculated using a very efficient Monte Carlo (MC)
calculation based on the ‘trajectory reversal algorithm’ [130], made possible by the
symmetry property of linearized Boltzmann kinetic equation for non-crystalline solids. The
algorithm treats all points along the photoelectron trajectory as equivalent points, making
no distinction between the source and the detector. It then traces the trajectories of the
detected photoelectrons back to the source, rather than generating calculations for all

photoelectrons and then integrating over the solid angle of analyzer. Both the elastic and
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the inelastic scattering processes are considered in the generation of these trajectories using
the MC calculation. More details on this method can be found in Refs. [131,132].

SESSA simulations are not perfect due to some limitations that inevitably lead to
the deviations from the real experimental data. First, the x-ray optical parameters used in
SESSA are only estimates for given materials and do not include realistic absorption
resonances. Second, the experimental lineshapes of the spectra for the core-level and Auger
peaks often exhibit more complicated structure due to the energy dependence of the
inelastic scattering, which is not simulated in SESSA. The approximate line shapes used
for each peak in SESSA are standard Lorentzians and Gaussians with variable FWHM.
Third, the surface- and intrinsic excitations are ignored and the depth distribution of the
electromagnetic field of the x-ray excitation is assumed to be constant. Finally, the surface
of a sample is assumed to be atomically flat, which is usually not the case. Nevertheless, a
typical SESSA simulation usually exhibits reasonable qualitative agreement with the
experimental data.

In the next several pages, | will illustrate some of the key functionalities of SESSA,
arranged in the order of the necessary steps for a typical XPS spectrum simulation. Fig. 3.5
depicts the main interface, with menu access to the key experimental settings and the
simulation window. Fig. 3.4 shows the sample window, which allows a user to build-up a
multilayer sample and to specify the thickness, chemical composition, density, and other
relevant electronic parameters for each layer. The individual peak parameters can be
defined and adjusted in the ‘Peaks’ window, as shown in Fig. 3.6, wherein all the relevant
parameters, such as the lineshape, width, position and height can be specified, if necessary.
The experimental geometry, including the x-ray incidence angle and polarization, sample
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rotation, and the analyzer orientation, is defined in the window shown in Fig. 3.7. Finally,
the energy range of the spectrometer is defined in the window depicted in Fig. 3.8. An
example of the actual resultant simulation and comparison to the experimental data is

shown in Fig. 3.9, for a EuNiOs/LaNiOs superlattice sample.

& SESSA V1. - Simulation of Electron Spectra for Surface Analysis — x

Q
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Fig. 3.5 Graphical user interface (GUI) of the Simulation of Electron Spectra for Surface Analysis
(SESSA).
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Fig. 3.4 SESSA interface to build model of measured sample, here provides an example model for
Euo.7Sro3sMnOa/Lag 7SrosMnOs superlattice. Here we need to specify composition of material,
thickness of each layer, density, number of valence electrons, band gap of energy, number of
atoms/molecules.
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Fig. 3.6 All the peaks within energy range of spectrometer. The type, width, position, height and
asymmetry of each peak can be manually set in the subpeak setting panel according to actual
experimental value.
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Fig. 3.7 SESSA interface of setting geometry of experiment including sample orientation, source
orientation, analyzer orientation and aperture. The red line of sample orientation means the normal
line to sample, red line of analyzer orientation means direction of photoelectrons.

55



(3 Experiment

Source Geometry Spectrometer

O
Choose | Region #1 Add... Delete

Region Settings

Energy range:

Valid region bounds are between -2145 0eV and 17850.0eV.
If existing region bounds are modified, user changes to peak settings may be lost
Lowerbound [gV] [-550.000

Reset

Higher bound [¢V] [-0.000

Close
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Fig. 3.9 (@) Experimental XPS spectrum for EuNiOs/LaNiOs; multilayer in shallow core-level
region, at photon energy of 832 eV with temperature 20 K. Comparing to (b) SESSA simulation of
XPS spectrum for the same sample. It should be noted that SESSA can’t simulate complicated
electronic structure, such as multiplet splitting for La 5p and Ni 3s peaks and valence band structure
as well.
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3.3 X-ray optical simulations of the photoemission intensities

In the previous section | have introduced the advanced software package SESSA
for the simulation of the photoemission intensities in XPS. SESSA is extremely
instrumental in the planning of photoemission experiments, for identifying core-level and
Auger peaks, and for interpreting the XPS spectroscopic data. However, as | mentioned in
the previous section, SESSA has several deficiencies which preclude its use in more
advanced experiments, which go beyond traditional XPS and utilize x-ray optical effects,
such as resonant excitation, standing-wave excitation, and total-external reflection. The
four major deficiencies of SESSA are described below.

1. The depth distribution of the intensity of the x-ray radiation within the sample
is treated as a constant, due to the assumption that the penetration depth of x-rays in a
typical sample is orders of magnitude larger compared to the IMFP of the detected
photoelectrons. Such assumption is valid for most standard XPS experiments, but falls
apart for (1) resonant photoemission, wherein the x-ray penetration depths are
considerably shorter due to enhanced absorption, (2) standing-wave photoemission
experiments, wherein the intensity of the x-ray electric field may vary by as much as
60-80% over a distance of a few Angstroms, and (3) total external reflection
experiments, wherein the penetration depth of the electric field into the sample is on
the order of the relevant IMFPs.

2. The interfaces between different materials in a structure are treated as ideally
atomically-flat, which is not a realistic assumption for most samples. As a general rule,
there will always be some interdiffusion, intermixing or roughness present at the
interfaces between two materials in a heterostructure.
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3. As a purely technical software deficiency, SESSA does not allow one to
simulate experimental observables, such as core-level and Auger peak intensities, as a
function of other experimental parameters, such as photon energy or the x-ray incidence
angle. That is, each spectrum has to be generated individually, as a separate simulation.

4. Finally, the output of SESSA is exclusively limited to the simulations of the
XPS spectra. Related and highly-relevant experimental observables, such as x-ray
reflectivity, emission, and fluorescence are not included in the simulation output.

Optical processes mentioned above can, on one hand, significantly complicate the
analysis of the experimental data. On the other hand, they can also produce a wealth of
valuable insights related to the electronic, structural and optical properties of materials and
nanostructures. As an example, high-contrast x-ray standing waves (SW) can be artificially
generated by the reflection of the incident x-rays from a nanometer scale multilayer mirror,
and then utilized to probe the properties of buried interface via SW-XPS [52,133].

To quantitatively understand the relations between the depth profile of the exciting
x-rays and the resultant photoemission intensities, a complete and rigorous theoretical
consideration of the interactions between the radiation and materials is essential to interpret
the experimental data and to deconvolve the contributions from the surface and the buried
layers. In this thesis, we make an extensive use of the Yang X-ray Optics (YXRO)
computer code, which accounts for all the above-mentioned x-ray optical effects, as well
as sample irregularities, such as roughness and chemical interdiffusion.

In x-ray optics, the complex index of refraction (n), which is used to describe
interaction of a material with x-rays is traditionally writtenas € p |  "Q} where the

real part p 7 describes refraction and the imaginary part, “Qf attenuation/absorption of
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the waves propagating through dispersive medium [122,134]. Far away from the resonant
regions of the elemental absorption edges, both components of n can be described to a high
degree of accuracy in terms of a simple atomistic model. To this end, the non-resonant
spectra of 1 and T for most common materials could be looked-up through a public
database [135].

In the vicinity of an absorption edge, the behavior of the x-ray optical constants are
largely governed by the electronic resonance effects, many-body effects, valence and
atomic coordination. Thus, the lineshapes of the real and imaginary parts of the complex
index of refraction are highly material-specific and are best obtained through an x-ray
absorption spectroscopy (XAS) experiment. XAS provides a direct measurement of the
absorption coefficient T , and p 1 could be calculated through the Kramers-Kronig
relations.

In order to determine the depth-distribution of the x-ray electric field inside a
sample, a rigorous description of all internal reflections and refraction at the interfaces
between the materials is included, and multiple scattering of x-rays within all layers is
implemented using the Parratt algorithm [136] as illustrated in Fig. 3.11. Calculation of the
photoemission process is similar to that used in the SESSA program, thus, YXRO is
complementary to SESSA for XPS surface analysis, but contains a more comprehensive
consideration of the x-ray optical effects.

Fig. 3.11 (From Ref. [70]) depicts a generalized arbitrary multilayer sample that is
deposited on a semi-infinite substrate, each layer is labeled with indices 1, 2, ...j, and

assigned a unique complex index of refraction. The YXRO program rigorously describes
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Fig. 3.10 Schematic diagram of the x-ray optical effects and photoemission process for a general
multilayer sample, including roughness and inter-diffusion at the interfaces. From Ref. [70].

the effects of chemical intermixing at the interface or, equivalently, the interface roughness,
whose thickness and spatial distribution can be varied and customized, respectively.

In this thesis, we make extensive use of the YXRO’s capability to model the
behavior and effects of x-ray standing waves, which forms within a periodic multilayer
sample in the Bragg reflection condition. The phase, and therefore position of the standing-
wave within the sample is largely determined by the optical constants of the constituent
layers and can be tuned by varying the incidence angle or the photon energy of the incident
x-rays around the Bragg condition. The motion of the standing-wave through the sample
results in the modulations of the core-level photoemission intensities, which is unique for

each element, and depends on the elements’ position within the sample. Such ‘rocking
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Fig. 3.11 Graphical User Interface (GUI) of Yang X-ray Optics (YXRO) program. It shows an
example of simulating reflectivity of ESMO/LSMO multilayer at X-ray incidence angle between 5
to 25 degrees with photon energy 833.85 eV.

curves’ can be measured and analyzed using YXRO, resulting in a detailed elemental
profile of the sample, including thickness of each layer, interdiffusion and the interface,
thickness of the surface adsorbates, surface roughness, etc. As a by-product of such
analysis, the depth-dependent profile of the x-ray electric-field intensity within the sample
is calculated, and can be used as a guide for further depth-selective experiments, such as
SW-ARPES [137] and/or SW-PEEM [138].

Fig. 3.11 depicts the Graphical User Interface of the YXRO program, wherein all
the parameters related to the sample structure and individual layers are defined. These

include the optical constants, layer thicknesses, periodicity of the multilayer, thickness of
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Fig. 3.12 Calculated x-ray reflectivity as function of incidence angle for sample shown in Fig. 3.11
which would be discussed further in chapter 5. The intense peak around 19° that is also shown in
the inset is the first order Bragg peak due to constructive interference of reflected waves of
multilayers. The smaller modulation of reflectivity is called Kiessig fringes from interference of
reflected wave from surface of sample and substrate.

the interdiffusion across the interfaces, densities, bandgaps, etc. Experimental parameters,
such as the photon energy and polarization, experimental geometry, type of the detected
signal (e.g. photoemission intensity, x-ray reflectivity, x-ray emission, etc.) are defined in
the top section of the interface. The YXRO program is available to the scientific
community online and free of charge [71].

The experimental parameters shown in Fig. 3.11 were used to simulate x-ray
reflectivity of the multilayer sample described in Chapter 5 of this thesis (EuSrMnOa3/

LaSrMnQO:z). Fig. 3.12 shows the resultant simulation, as a function of the incident x-ray
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angle in the region from 5 to 25°. Such information is crucial for verifying the quality of
the sample and for guiding further standing-wave experiments. The x-ray reflectivity at
very grazing incidence angles (< 5°) diverges, because the index of refraction in the soft x-
ray regime is smaller than unity, which results in the total external reflection phenomenon
[139]. The first order Bragg peak is observed at approximately 19°, where the standing-
wave forms due to the Bragg reflection. The main Bragg peak extends for about 2° (full-
width), as shown in the inset. In this region, the standing-wave contrast is maximized. The
smaller-intensity modulations visible on the sides of the Bragg peak are called the Kiessig
(or Fresnel) fringes, which arise due to the interference of the x-ray waves reflected from
surface and the substrate. More details regarding specific standing-wave measurements on

this sample will be discussed in Chapter 5 of this thesis.

3.4 Nano-SXDM data processing

Hard x-ray diffraction (XRD) is a mature and widely-used technique for
determination of the structural properties of materials, e.g. metals, semiconductors,
minerals, organic or biological molecular crystals, which possess periodic atomic or
molecular order that results in constructive and destructive interference of the reflected x-
rays. The measured XRD pattern can be used to derive the detailed structure of the
investigated material. XRD and x-ray crystallography has driven numerous important
scientific discoveries, including several resulting in Nobel Prizes in Physics and Chemistry
[140].

Nanoscale scanning hard x-ray diffraction microscopy (nano-SXDM) is a
synchrotron-based scanning microscopic technique based on x-ray diffraction utilizing a

highly-collimated, monochromatic and intense focused hard x-ray beam. As discussed
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previously in section 2.4.1, nano-SXDM, as implemented at the Advanced Photon Source’s
hard x-ray nanoprobe beamline, facilitates a nanometer-scale x-ray spot (20 nm) which can
be positioned on the sample with high accuracy and stability (2-5 nm), and then used in a
scanning mode to obtain a lattice-spacing or strain map of a crystal. Such measurement
typically results in thousands of two-dimensional detector images (one per point on the
sample), which have to be analyzed in order to extract the relevant structural information.

The basic data analysis code, which is available at the beamline, integrates the
intensity recoded in the two-dimensional detector image either along the x (horizontal) or
y (vertical) axes for a user-defined interest of region (ROI). The resultant one-dimensional
diffraction spectrum (such as the one shown in Figure 3-14) can then be fitted or analyzed
to extract the position of the centroid. The centroid method, which is used when due to
defects and inhomogeneity the simple Gaussian and Lorentzian lineshapes cannot provide
a good fit to the data, is an equivalent of the ‘center of mass’ of the Bragg peak, and carries
information regarding the average lattice spacing. The centroid method is a very stable
numerical technique, unaffected by typical fitting artefacts, and is therefore widely-used in
the nano- and micro-diffraction communities.

The measured Bragg-peak spectrum usually looks like a bright elongated straight
segment on the detector, as shown in Fig. 3.13 (a). The central region of the beam is
obscured by a beam stop — this element is aligned with a near sample order sorting aperture
to prevent any contamination of the diffraction signal from the primary unfocused beam.
In case of an out-of-plane reflection (such as (001)), the segment appears vertical, and
could be readily analyzed using the standard code. However, in case of an arbitrary
reflection with an in-plane component (such as (002), as in our case) the streak on the
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detector will be tilted (in our case by approximately 45°). Thus, a correction for the tilt is
necessary to compute an integrated Bragg-peak spectrum.

In our modified code, the raw detector image (see Fig. 3.13 (a)) was first rotated by
42° clockwise (see Fig. 3.13 (b)), and then the two parts of segment were integrated along
the vertical direction (see Fig. 3.13 (¢)). The CCD pixel numbers along the x axis were then
converted to the 20 angle, by taking into account the angle of incidence and the distance to
the detector. Fig. 3.13 (d) shows the sum of two peaks in Fig. 3.13 (c), which was finally
used to calculate the position of the centroid of the peak, using the following formula:

R = S OB A >
0Qe 0l e6OO———
B® ot

(4)

where @ ¢ is the pixel number, and "Q¢ s the intensity at €. Matlab programming is

used for calculating the centroid, as well as the equations for calculating the strain.
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Fig. 3.13 Procedure of extracting Bragg peak spectrum from the raw data (a) Bragg peak recorded
in the two-dimensional detector, the stretched line of Bragg peak is due to footprint of X-ray spot
and the angle to crystal, discontinuity in the middle of line is because of beam stop in the center.
(b) Bragg peak after rotating 42 degrees clockwise. (¢) One-dimensional integrated Bragg peak for
the upper and lower part in image (b). (d) Sum of upper and lower half spectrum in (c).
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CHAPTER 4
INVESTIGATION OF FE739-GA261 NONCONVENTIONAL MAGNETOSTRICTIVE
ALLOY USING NANO-SCALE SCANNING HARD X-RAY DIFFRACTION
MICROSCOPY, PHOTOEMISSION ELECTRON MICROSCOPY,

AND X-RAY ABSORPTION SPECTROSCOPY

4.1 Introduction

Ever since the existence of domains and their reorganization by domain wall motion
was proposed by Weiss to explain what was at that time seemingly confounding
magnetization behavior of magnets [141], the behavior of all ferroics has been described
on this basis [142-148]. Typically, ferroics exist in a multi-domain state and the maximum
possible ‘functional’ response — magnetization, polarization, strain, magnetostriction, etc.
— is equal to the corresponding intrinsic properties of a single domain. The approach to
saturation is realized by collapse of the multidomain structure into a single-domain state
by the motion of (easily perturbed) domain walls. This movement of domain walls also
invariably gives rise to an energy dissipative (i.e., hysteretic) and non-linear functional
response — the term ‘ferroic’ is used to connote this overall behavior.

Recently, a remarkable set of magneto-elastic properties has been reported in iron-
based binary alloys (Fe-Ga, Fe-Ge, Fe-Al, Fe-Si), including linearly reversible and
virtually hysteresis-free magnetization curves that are identical (isotropic) along all crystal
directions [149,150]. The hallmark of these crystals is the discovery of nonconventional
magnetostriction phenomenon defined as the set of spontaneous magnetic field-induced
strains along various directions that causes the crystal to either experience a net volume
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expansion or volume contraction [150]. This contrasts with conventional magnetostriction
in magnetostrictive materials [151], where expansion along one direction is accompanied
by proportional contractions along transverse directions such that the net volume change is
always zero; see also [152] for an excellent exposition on various magneto-elastic effects.

In this chapter, we report the observation of magneto-elastic coupling for lattice
structure and magnetism of the magnetostrictive Fers9Gaze.1 Single crystal. Atto-scale
elastic gradients and self-strain across the single crystal was quantitatively measured and
imaged by nanoscale scanning x-ray diffraction microscopy (nano-SXDM), which reveals
that the gradients inside the elastic wall are accommodated by gradually
increasing/decreasing inter-planar spacing resembling a longitudinal wave. Element-
specific soft x-ray magnetic circular dichroism photoemission electron microscopy
(XMCD-PEEM) reveals that the magnetic medium modulates with similar periodicity
(~255 nm), and the resulting magneto-elastic coupling produces a ‘giant’ field-induced

bulk deformation equal to the measured microscopic self-strain of the crystal.

4.2 Experimental method

We used nanoscale Scanning X-ray Diffraction Microscopy, briefly, ‘nano-SXDM’
[153,154], see experimental set-up in Fig. 4.1 (a), to map the elastic gradients across the
single crystal. This was complemented by element-specific soft x-ray magnetic circular
dichroism photoemission electron microscopy (XMCD-PEEM) [98,155] to study the
corresponding magnetic structure. The lateral resolution was < 25 nm and < 50 nm,
respectively, for these two techniques. Hard x-ray nano-SXDM utilizes the brilliance of
third generation synchrotron x-ray sources to create x-ray nanobeams of ~25 nm diameter

at monochromaticity of p m'Q Z_. This enables high g-space resolution real-space
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mapping of subtle lattice perturbations using Bragg diffraction contrast at attometer
resolution over micrometer-scale regions [156,157]; this combination uniquely allows the
measurement of the atto-scale elastic lattice gradients in the lattice of single crystal. The
correlation between such subtle elastic modulations and the magnetic domain structure was
evaluated with nano-SXDM and XMCD-PEEM and validated by state-of-the-art

theoretical calculations. Various methods used are briefly described below.

4.2.1 Scanning Hard X-ray Diffraction Nanoprobe Imaging (nano-SXDM).

Nano-SXDM measurements were carried out at the Hard X-ray Nanoprobe (HXN)
beamline operated by the Center for Nanoscale Materials in partnership with the Advanced
Photon Source at Argonne National Laboratory. The optomechanical nanoscale scanning
system is equipped with a focusing Fresnel zone plate that facilitates < 25 nm lateral
resolution in the scanning imaging mode with the x-ray measurement spot diameter of
approximately 25 nm. Stability of the measurement spot on the sample is estimated to be
approximately 2-5 nm [87,158]. Measurements were carried out in off-specular reflection
geometry corresponding to the momentum transfer for the (022) diffraction peak, with the
x-ray beam energy of 10.4 keV. Real-space elastic and strain maps were obtained by
scanning the beam along the two in-plane principal crystallographic directions, (100) and
(010), of the disc-shaped Fe739Gaz1 sample, 5 mm in diameter and ~1 mm thick.
Diffracted intensities were measured using a single-photon sensitive two-dimensional pixel

array detector positioned at a distance of 1.04 m from the sample.

4.2.2 Image processing for nano-SXDM
Measurements, collected every 25 nm over areas of 2.5 pm x 2.5 um, were analyzed

using a self-consistent image processing routine to extract the (022) peak position at every
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spot relative to the adjacent spots. The diffraction images were each integrated along the
direction parallel to the streaks that have similar lattice parameter to maximize 26
sensitivity; the presence of the central stop in this geometry causes an intensity reduction
in the middle of line-shape Bragg images. The sample-detector distance was calibrated
using the known pixel size by scanning 260 on a primary beam peak, allowing the
conversion of pixel shift to observed 20 shift. The observed 20 shift in the presence of a
focusing optic was corrected for the divergent beam geometry to produce the 260 shift
expected for a radial scan of the primary beam (proper 20 = 2 x observed 26). Change in
the lattice parameter was then quantified with the Bragg relation taking into consideration
the wavelength of the x-ray beam. Resultant peak positions were then color-coded and used

to compile a real-space elastic map.

4.2.3 X-ray absorption spectroscopy and XMCD-PEEM

The XAS/XMCD measurements at the Fe and Ga L2 3 absorption edges were carried
out at the undulator beamline 4.0.2 of the Advanced Light Source [98,155]. The
measurements were performed using total electron yield detection, with the approximate
probing depth of 5 nm and energy resolution of ~ 0.1 eV. The XMCD-PEEM images were
captured using the PEEM-3 microscope at the Advanced Light Source [155]. In XMCD-
PEEM, monochromatic circularly-polarized (90%) x-rays are focused to match the field of
view of an electron microscope (10 - 50 um). Secondary electrons emitted from the sample
are imaged by an assembly of electrostatic lenses with magnification onto a phosphor
screen, and the image is viewed in real-time during measurement. The absorption of

circularly polarized x-rays depends on the relative orientation of magnetic moments and x-
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ray polarization vector, and is used as contrast mechanisms, allowing imaging of magnetic
domains in our case. The typical spatial resolution of the XMCD-PEEM is < 50 nm.

The photon energy was tuned to the L3z resonances of Fe and Ga, exploiting the
element specificity of XMCD-PEEM. Each XMCD-PEEM image was calculated from a
sequence of images taken with circularly polarized x-rays and of alternating helicities.
After a flat field and dark frame correction, the sequence has been drifting corrected and
frames recorded at the same photon energy and x-ray helicity have been averaged. The
displayed magnetic contrast represents the orientation of the Fe and Ga 3d spin-momentum
projected onto the x-ray incidence direction. The XMCD contrast is achieved by the
difference of two images taken with opposite helicities divided by their sum. Due to the
limited escape depth of the secondary electrons generated in the x-ray absorption process,

the probing depth of XMCD-PEEM is limited to approximately 5 nm.

4.2.4 Electronic structure calculations

Electronic structure calculations for D03 FesGa were performed within the ab initio
framework of spin-density functional theory based on the local-spin-density
approximation. For all calculations, the experimental lattice constant of 5.84 A was used
[159]. The electronic structure was calculated using the fully relativistic spin-polarized
relativistic (SPR) multiple-scattering or Korringa-Kohn-Rostoker (KKR) formalism [160].
For the KKR calculations we have used an angular momentum expansion up to Imax = 3
and k-point mesh of 28x28%28 which corresponds to 1639 irreducible k points. To support
the interpretation of the experimental results, XMCD spectra were calculated based on

Fermi’s golden rule as implemented within the SPR-KKR method [161].
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4.2.5 Materials preparation and magnetic spectroscopy measurements

The Fer39Gaze.1 single crystal described herein was annealed at 1,033K for 30 min
followed by rapid quenching, and this crystal is the same as the one described in Ref. [149].
Single crystal growth was done at Ames Laboratory (1A) and the general detailed procedure
for crystal growth is described in Ref. [150]. The Fers9Gaze.1 Sample is in the shape of a 5
mm diameter disk that is ~1 mm thick. The direction normal to the disc is (001). Surface
polishing and etching conditions necessary to observe the micromagnetic structure are
described in detail in Ref. [149], including considerable precautions that are needed to
avoid deformation layer caused by polishing, which otherwise prevents the structure from
being observed.

Note that the XMCD-PEEM and the nano-SXDM imaging was carried out at two
different synchrotron facilities (ALS beamline 11.0.1 at LBNL, and APS Hard X-ray
Nanoprobe beamline at ANL). These two techniques (one for far-field magnetic imaging
and another for scanning diffractive structure determination) do not allow for easily
mutually-recognizable fiducial marks. This limitation was addressed by carrying out
multiple measurements across the entire 5 mm diameter single crystal, and we consistently
found the same-period and same-orientation lamellar domain structure in both XMCD-
PEEM and nano-SXDM. This is later emphasized by the side-by-side images of the
magnetic and elastic modulations in Fig. 4.6 (b-c), as well as several examples in the
supplementary document.

Both the nano-SXDM and XMCD-PEEM measurements were carried out at zero
magnetic field, representing the same magnetic and structural states. The area-averaging
XMCD spectroscopic measurements shown in Fig. 4.7 were carried out at varying

73



magnetic fields up to 0.4 T to show the magnetically saturated state. The grazing incidence
angle was fixed by the experimental geometry at 30° for both the XMCD-PEEM and the

XAS/XMCD measurements.

4.3 Measurement results and analysis
In this section, we discuss all the measurements carried out on the Fe73.9Gaze 1 Single

crystal, including nano-SXDM, XMCD-PEEM and XAS.

4.3.1 Nano-SXDM results and analysis

In scanning nano-SXDM, th e real-space images, such as the ones shown in Fig.
4.1 (b), are constructed by scanning a nano-focused monochromatic hard x-ray beam across
the sample while recording the far-field Bragg diffraction patterns. The beam is focused on
the sample using a Fresnel zone plate diffractive optic in which the outermost zone width
(d = 20 nm) ultimately defines the size of the beam spot on the sample in the hard x-ray
regime (30 ~25 nm) [162]. The probing depth at a typical photon energy of 10.4 keV is
estimated to be ~3 pum, being representative of the bulk properties. In our experiments, the
real-space images were obtained by scanning the beam along the two in-plane principal
directions, (100) and (010), of the disc-shaped Fe7s9Gaze.1 crystal with (001) direction
normal to the disc. Each one of the ~3,300 real-space pixels in the ~2.5 pm x 2.5 pm scan
in Fig. 4.1 (b) represents a separate two-dimensional detector image of angularly-resolved
Bragg diffraction signal (like the one shown in Fig. 4.1 (c)) of the off-specular (022)
diffraction peak, from which the information regarding the (020) lattice modulations was
derived. The relative shift of peak in the momentum transfer between adjacent scanned
points is then extracted from each detector image, color coded (from yellow to brown), and

used to form a real-space map of the elastic gradients across the sample. Detection of these
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Fig. 4.1 Nanoscale structure of the Fezs9Gags1 single crystal. () Schematic layout of the nano-
focused SXDM experiment to probe the atto-scale lattice modulation. (b) Scanning diffraction
microscopy real-space image showing strain modulations (quantified by the shift of the (022) peak
at the detector) across EDWs in the FersgGazei single crystal. The single crystal was annealed at
1,033 K for 30 min followed by rapid quenching. The inset shows the raw image prior to the
correction for the detector mounting angle. Each pixel in (b) represents a separate detector image,
typical one shown in (c) from which the information regarding the (020) lattice modulations was
derived and color-coded. The central region of the beam is obscured by a beam stop — this element
is aligned with a near sample order sorting aperture to prevent any contamination of the diffraction
signal from the primary unfocused beam. (d) Local nano-SXDM 6-26 spectra corresponding to the
centers of the dark bands, e.g., blue dot in (b) and light bands, e.g., red dot in (b), with the
corresponding fits to the data shown by solid lines (blue and red curves, respectively). (e) Typical
line cut across the lattice spacing modulation showing average periodicity L average Of 269 nm.
Position of the (022) diffraction peak at each point was calculated using a centroid formula.

attometer level elastic modulations is achieved by placing the single photon sensitive pixel
array detector (Pixirad ~50um pixel size) 1.04 meters away from the sample, enabling ~10
4 A"t momentum space resolution via fractional pixel sensitive image analysis.

Fig. 4.1 (b) shows the image of the micro-elastic structure in the Fezz 9Gaze.1 Single
crystal (the inset in Fig. 4.1 (b) shows the raw image prior to the correction for the detector
mounting angle). This is a representative structure of the crystal and additional images are
shown in Fig. 4.2. It is important to note that the alternating light and dark bands in Fig.

4.1 (b) are not homogenous monolithic bands but are regions of gradually varying elastic
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Fig. 4.2 (a-c) Additional examples of nano-SXDM maps measured at different locations across
the crystal. (d) A representative line cut across the atomic plane spacing modulation exhibits
shape and periodicity similar to that shown in Fig. 4.1e.

gradients which are observed in the other position of the crystal as shown in Fig. 4.2. Fig.
4.1 (b) shows that the volume occupied by the domains is negligible compared to the
volume occupied by the transition region. This construct is fundamentally opposite of
known ferroics where the uniform regions, i.e. domains, occupy the overwhelming volume
of the crystal and serve as the ‘functional’ blocks in terms of realizable magnetization,
polarization or strain.

Nanoscale SXDM mapping reveals that the spacing of adjacent atomic planes
across each light and dark band gradually changes in a wavelike-pattern reminiscent of a
longitudinal wave with an average periodicity L average Of ~269 nm; there are no abrupt
interfaces separating the domains. Only the ‘nodes’ of this gradually varying waveform

(representing zero-strain) represent the ‘domains’. Although the x-ray penetration depth
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into the sample is ~3 um, it is important to note that the diffraction experiment does not
‘average’ over this depth but rather creates a coherent scattering pattern that is a Fourier
transform of the mirror planes within the illuminated depth. Therefore, the observation of
what is essentially a single peak in the 20 direction in Fig. 4.1 (c) (with the central region
of the beam obscured by an upstream beam stop) is consistent with a slowly varying
homogenous strain at each measured point across the band. The presence of multiple
domain walls with abrupt strain transitions within a coherently illuminated nano-beam
volume typically results in either satellite peaks [163] or significant fringing [164], neither
of which was observed.

This technique further shows that the maxima and minima of the inter-planar
spacing in this elastic wave occur at the centers of light and dark bands, respectively. This
is quantitatively shown in Fig. 4.1 (d), by the relative shift of the (022) diffraction peak
measured at these two points. Scanning across the adjacent light/dark bands the (022)
diffraction peak shifts smoothly, Fig. 4.1 (e), revealing a gradually alternating rarefaction
and compression of the successive crystalline planes (as well as showing the average
periodicity of ~269 nm).

In the observation of atomic plane spacing modulation, any correlation between
scattered intensity and unusual surface roughness can be ruled out. In nano-SXDM, the
intensity and position of the Bragg peaks are fundamentally sensitive to the spacing and
curvature of the mirror planes within the diffracting volume and only weakly sensitive
to the surface roughness due to the Fourier coupling between the beam and the atomic
lattice. The tails of the Bragg peak that are created by the truncation of the illuminated
volume are related to the surface topography but are several orders of magnitude weaker

77



S lb — A (dark)
8 — B (light)
=
NS 2
= (O]
= c
= =
D (@)
N o
X T erow= 269 ppm
0.04 -0.02 0 0.02 0.04
26 shift ()
Elge —B(ighy| 5 |d D (light)
S — C (dark)] & — E (dark)
= =
0 0
C c
[} ]
£ IS
(@) (@)
2 2
< depw= 206 ppm ~ Gepw= 105 ppm
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
26 shift () 26 shift ()

Fig. 4.3 Additional examples of the observed (022) diffraction peak shifts recorded at different
locations (labelled A through E) across the band of atomic plane spacing modulation shown in (a).
Three values of the peak shift, determined via peak fitting and shown in panels (b-d) average to
193 ppm.

than the main peak and have minimal contribution to the color map which is obtained by
recording the centroid position of the maximized (022) peak. In addition to this, nano-
SXDM is essentially immune to potential self-shadowing due to topography, as the
outgoing radiation is elastically scattered hard x-rays, which can penetrate several microns
of material with only ~1% absorption. Our earliest AFM and SEM topographical imaging
of the sample also confirm the absence of any special spatial topographical structure within
the cellular domains, except for the inevitable, random scratches left over after sample
polishing.
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Fig. 4.4 Determination of lattice parameters for the D03 crystal structure of FesGa. Structural energy
variation with lattice parameter ao. Adopted from Ref.[166].

The average self-strain associated with a single period was determined by making
measurements at different positions of the crystal and obtaining the maximum peak shift
(e.g., Fig. 4.1 (d)), and this self-strain, | , was found to be 0.0193% + 0.003% (or 193 ppm);
see additional examples of diffraction peak shifts recorded at different locations in Fig. 4.3.
Remarkably, this directly measured microscopic self-strain approaches the observed field-
induced strain (198 ppm) of the bulk crystal along the same (100) direction [149]. This
remarkable agreement suggests that the bulk magnetostriction strain originates from the
magneto-elastic control over the lattice spacing, explains the mechanism by which the
crystal changes its volume. As reference or control, no measurable modulations were
observed along the direction normal to the disc, and this is matched by non-existent

magnetostriction along the (001) direction, which is the disc normal.
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In general, the structure and chemistry of a magnet under investigation critically
determines its magnetic properties. In the concentration range of interest, Fe-Ga alloys can
exist in four different crystal structures (disordered bcc, DOz, L1z, and DOig), with
additional complications of magnetic or non-magnetic precipitates due to mutual
precipitates. High crystalline quality of the sample was confirmed with nano-SXDM.
Specifically, the mean inter-planar distance across this strain wave was obtained by
averaging adjacent values, and found to be consistent with the DOz lattice parameter of
0.584 nm that has been reported previously using the traditional area-averaged XRD
experiments [165] and predicted by theory (See Fig. 4.4 adopted from Ref.[166]). The
observed interplanar spacing oscillations ride (Fig. 4.1e) on top of the larger irregular-
shaped features observed as micrometer-scale brighter and darker regions in Fig. 4.1b,
which are associated with random defects (scratches) introduced during polishing of the
crystal. The high quality of the crystal is further evidenced from the long-range periodic

cellular magnetic structure that spans the entire 5 mm diameter disc sample.

4.3.2 XMCD-PEEM results and analysis

The micromagnetic structure in the Fe7zoGazs1 crystal was imaged by XMCD-
PEEM at the Fe L3 absorption edge, as shown in Fig. 4.5. The inset of Fig. 4.5 (a) is a low
magnification image showing the existence of a periodic cellular magnetic structure; this
cellular structure is similar to the one described in Ref. [149] where it was shown that the
coherence length of this microscopic cellular pattern equals the macroscopic dimensions
of the sample (5 mm diameter disc). Clues to the existence of nm scale internal magnetic
gradients in the crystal are apparent in the inset image of Fig. 4.5 (a) - zigzagged DWs

instead of normally straight segments circumscribe each cell. Also note that the orientations
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Fig. 4.5 Nanoscale magnetic structure of the Fess9Gazs1 Single crystal. (a) High resolution
XMCD-PEEM image showing that cellular micromagnetic structure (top inset) within the
Fers0Gazs.1 crystal is composed of fine magnetic lamellae (main panel). The micrometer-scale
cellular chains were also measured using bulk-sensitive ICC optical micromagnetic imaging
method, Ref. [149], which agree with the XMCD-PEEM measurements. (b) A typical high-
resolution magnified XMCD-PEEM image of the lamellar structure exhibits excellent agreement
with a typical nano-SXDM map shown in (c) both in shape, directionality and periodicity. The
magnetic lamellae have an average periodicity of 255 nm, as shown by the line-cut in (d) which
corresponds to the horizontal blue line in (a). This is also in agreement with the nano-SXDM
measurements of the structural modulations, with an average period of 269 nm (see Fig. 4.1e).
Finally, (e) and (f) show the finer structure of the magnetic lamellae, where green-to-yellow regions
are domain walls, and red-to- blue regions are domains.

defining the various walls of the cells are consistent with the <100>-type and <110>-type
directions, respectively, of the bulk crystal. The XMCD-PEEM image of a single cell, Fig.
4.5 (a), indeed reveals that the origin of zigzagged walls is an inherently heterogeneous
magnetic state in the form of nm scale lamellae, as further shown in the high-magnification
image in Fig. 4.5 (b); the zigzagged microscopic cell boundaries in Fig. 4.5 (a) are actually
the interfaces at which bundles of lamellae meet each other. Fin et al. have recently shown
similar micromagnetic structure in Fe-Ga as well as its detailed analysis using MFM
imaging, albeit their results pertain to thin films with finite sample coercivity [167]. From
a typical line-cut across the lamellae, Fig. 4.5 (d), the average periodicity of the lamellae

is found to be 255 nm. This is similar to the average periodicity of strain modulation (269
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nm), as shown in the nano-SXDM in Fig. 4.5 (c) (for side-by-side comparison), pointing
to acommon origin for the elastic and magnetic modulations. Experimentally, this common
origin is evident by the fact that the bulk magnetostriction is equal to the measured
microscopic self-strain.

In Fig. 4.5 (d), the plateaus in the XMCD intensity profile approximately represent
average regions of uniform magnetization separated by steep gradients, thus giving rise to
high volume fraction of domain walls. The high magnification XMCD-PEEM images from
different regions of the sample in Fig. 4.5 (e-f) illustrate the generic nature of this spin
structure, using a more vivid color scheme — red-to-blue regions represent domains
separated by spin gradients (green-to-yellow regions). The self-organization of the lamellae
at the nm length scale gives rise to highly periodic cellular domains at the microscopic
length scale. This hierarchical pattern across nm to mm length scales provides an efficient
way to minimize the magnetostatic energy as well as stress accommodation across cell
nodes due to high magnetostriction, as described qualitatively in Ref. [149].

The reported magnetic anisotropy in Fe-Ga alloys is unusually low, ~102-10% J/m?,
Ref. [168]; by comparison, anisotropy of Fe is 4.8x10* J/m®. Whereas width of the Bloch
wall in iron is ~30 nm [169], the estimated wall width in Fe-Ga alloys is thus expected to
be large, and it is estimated to be ~210-600 nm. The measured periodicity of the lamellae
IS ~255 nm. From the high-magnification images in Fig. 4.5 (e-f), the width of Bloch walls
is less than half the periodicity of the lamellae. From this, one can also estimate that the
anisotropy of this particular sample is ~1-2x10% J/m?3.

Existence of the oxide layer on the sample surface can have consequences for the

surface sensitive XMCD-PEEM magnetic imaging technique. That we are indeed imaging
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Fig. 4.6 Magnetic spectroscopy of the Fess9Gazs1 single crystal. (a-b) X-ray absorption spectra
of the Fe and Ga L3 edges, obtained with circularly polarized x-rays in applied fields of +0.4 T
(red) and -0.4T (blue) respectively. (c-d) Difference between x-ray absorption spectra shown in (a)
and (b), respectively. (e-f) Respective theoretical spectra corresponding to (c-d). All shown data
were collected at room temperature.

the magnetic structure of the bulk crystal was confirmed by the fact that the XMCD-PEEM
imaging results are in excellent agreement with the truly bulk-sensitive Interference
Contrast Colloid (ICC) optical micromagnetic imaging method [149,170-172], which has
the highest information depth (0.5 um) of any magnetic imaging technigue; see NIST Ref.
[173] for comparison of various magnetic imaging methods. In the ICC method, the use of
ferrofluid particles (~7 nm diameter) to decorate flux emanating from domain walls
provides the ability to image the bulk magnetic structure, just like the Bitter method
[174,175], while imaging the flux gradients by using a Nomarski interferometer provides
high resolution that is limited only by that of the optical microscope, ~0.4-0.6 nm. The ICC
method was previously used to study the global micromagnetic structure of the same

sample in Ref. [149], when reporting the nonconventional magnetostriction phenomenon.
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The high-resolution XMCD-PEEM imaging, when used in tandem with ICC method,
vastly improves the spatial resolution to ~50 nm, and has revealed the existence of the
nanoscale structure within the cellular domains. With the ICC method, this modulated
structure could only be inferred from the observation of zigzagged walls circumscribing
the cellular structure; see for example, ICC image of the zigzagged cells in Ref. [149]

versus a high-resolution XMCD-PEEM image of a cell in Fig. 4.5 (a).

4.3.3 X-Ray Absorption Spectroscopy (XAS) results and Analysis

The full polarization-dependent x-ray absorption (XAS-XMCD) spectra of Fe and
Ga at the L 3 absorption thresholds provides further insight into the magnetic and electronic
structure of the crystal. Fig. 4.6 (a) and b show respectively the magnetic field-dependent
Fe L23 and Ga L2z XAS spectra obtained in grazing-incidence geometry and using
circularly polarized x-rays. Blue and red lines correspond to the spectra collected under
applied magnetic fields of 0.4 T directed parallel and antiparallel to the polarization
direction, respectively. The dichroism (XMCD) spectra are shown in Fig. 4.6 (c-d), with
the main features labelled as ‘A’, ‘B’ and ‘C’. Multiple-peak structure of the Fe XAS and
XMCD spectra suggest the presence of the (inevitable) Fe oxide(s) at the surface with
feature ‘C’ clearly identified as an oxide-related peak [176]. Features ‘A’ and ‘B’ comprise
the main Fe peaks and are associated with the two inequivalent Fe sites in the DOs lattice
(FeM,Fe(Ga binary Heusler alloy). The Ga atoms possess an antiparallel induced
magnetic moment; this has previously been reported in Fe-Ga thin films, ~17 nm thick
[177].

Our theoretical calculations, Fig. 4.6 (e) and Fig. 4.6 (f), are in excellent agreement

with the XAS-XMCD results. There are two inequivalent Fe sub-lattices found by the
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calculations, resulting in a double-peak feature (A’ and B’) at the Fe L3 absorption edges,
in agreement with features ‘A’ and ‘B’ in the experimental spectra (Fig. 4.6 (c)). Fe(l)
shows a higher spin magnetic moment of 2.48 uB and orbital magnetic moment of 0.058
MB. Our calculations show that there is an induced Ga moment (-0.11 uB; uB is Bohr
magneton) oriented oppositely to that of the dominant Fe moment. Fe(ll) from the second
sub-lattice has as first nearest neighbors Ga atoms, which leads to a reduction of the spin
magnetic moment to 1.91 uB. On the other hand, Fe(ll) shows slight increase of the orbital
magnetic moment to a value of 0.079 uB. Label C’ marks the position of the oxide peak
(as compared to feature C in Fig. 4.6 (c)), which is not included in the model and therefore
does not appear in the calculated spectra.

Notice that the main peak (at ~708 eV photon energy) in the XMCD spectra in Fig.
4.6 (c) is asymmetric, suggesting presence of a shoulder on the lower-photon-energy side
(feature A). This feature is significantly enhanced at lower temperatures, forming a distinct
peak, in full agreement with the theory. Although at this time we cannot speculate about
the origin of this temperature dependence, the low-temperature data is included inFig. 4.6,
to support the presence of distinct feature ‘A’ in Fig. 4.6 (c). We show additional
XAS/XMCD spectroscopic measurements carried out at a lower temperature of 135 K
shown in Fig. 4.7. At this temperature, we observe an enhancement of the lower-photon-
energy peak in the Fe XMCD spectrum (feature A), which corresponds to one of the
inequivalent Fe sub-lattice sites found by our calculations. Although at this time we are not
certain about the origin of this temperature dependence, we nevertheless include this low-
temperature data in this document to support the presence of distinct feature A in the
XMCD spectrum of Fe.
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Fig. 4.7 Magnetic spectroscopy of the Fess9Gaz1 crystal at 135 K. (a) X-ray absorption
spectrum of the Fe L3 edge, obtained with circularly polarized x-rays in applied fields of +0.4 T
(red) and -0.4T (blue) respectively. (b) Difference between the two x-ray absorption spectra
obtained with different x-ray helicities shown in (a). Two inequivalent Fe sub-lattices with different
magnetic moments result in two distinct peaks (features A and B). (c) Respective theoretical
spectrum corresponding to (b) is in excellent agreement with the experiment.

4.4 Summary

We have used nano-SXDM, XMCD-PEEM and XAS to probe the interaction
between structural and magnetic structure. We have discovered the periodic modulation of
atomic plane spacing with periodicity ~269 nm existing probably in b or ¢ axis across the
Fez3.9Gazs.1 single crystal revealed by nano-SXDM. Stripe domain with similar periodicity
(=255 nm) as lattice spacing modulation is observed in every single domain that was
considered to be uniform magnetic domain region. The magneto-elastic coupling could be

the fundamental basis for the reported nonconventional magnetostriction phenomenon. The
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temperature dependent XMCD-PEEM measurement of Fezz9Gazs.1 single crystal shows
phonon has significant influence on the forming and shape of magnetic cells. Two
inequivalent Fe site atom in the lattice are found by theoretical calculation which is also

proved with experimental observation of XMCD-XAS.
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CHAPTER 5
USING DEPTH-RESOLVED X-RAY AND ELECTRON TECHNIQUES TO
PROBE ELECTRONIC STRUCTURE OF ENGINEERED OXIDE

SUPERLATTICES WITH UNIT CELL RESOLUTION

5.1 Introduction

Rational design and understanding of the electronic properties of new functional
materials is a dominant theme in modern experimental and theoretical condensed matter
physics and materials science [178-182]. Over the past two decades, epitaxial complex-
oxide heterostructuring and interface engineering have emerged as powerful and versatile
experimental platforms, enabling the synthesis of electronic, magnetic and structural
phases, which are unattainable in bulk crystals or thin films [183-189]. Concurrently,
significant strides in the development and refinement of modern materials theories,
including various modalities of density functional theory [178,190] and dynamical mean-
field theory [191,192] , have led to the availability of advanced first-principles tools for
guiding the synthesis of such heterostructures and interfaces, as well as interpreting
experimental results.

Engineering structural couplings at the epitaxial interfaces between complex
perovskite oxides (ABO3) in has been recently identified as a promising avenue for atomic-
level control of the electronic and magnetic properties in such structures [193-195]. Recent
studies of the isovalent Lao7Sro3sMnOs/Euo7SrosMnOs (LSMO/ESMO) and
Lao.5Sro.sMnOs/ LagsCagsMnO3z (LSMO/LCMO) superlattices revealed that the emerging
highly-localized lattice distortions and non-bulk-like rotations of oxygen octahedra can
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lead to new electronic and magnetic properties, and provide a way to enhance or suppress
functional properties, such as electronic bandwidth and ferromagnetism [196-198].
Varying the thicknesses of individual layers within a superlattice above and below the
interfacial coupling lengths (2-8 cells) adds a powerful control knob for tuning these
properties at the unit-cell level and as a function of depth. Thus, complex layered oxide
structures with custom electronic and magnetic properties, induced by carefully-engineered
unit-cell-scale structural modulations, can be constructed via advanced synthesis methods,
such as oxide molecular-beam epitaxy (MBE) [199-201].

At the present time, the major challenge in this emergent field is the measurement
of highly-depth-dependent electronic properties in such complex layered nanomaterials at
the unit-cell scale. The majority of conventional probes of the electronic structure, although
extremely useful, provide either surface-sensitive or depth-averaged electronic-structural
information (e.g. angle-resolved photoemission, scanning-probe spectroscopy, and Xx-ray
absorption). High-resolution scanning transmission microscopy with electron energy-loss
spectroscopy (HRSTEM-EELS) can provide structural and chemical information on the
atomic scale [194,197,202], but it does not facilitate sufficient sensitivity and energy
resolution to detect critical changes in the valence-band structure, which can be compared
and benchmarked to the theoretical density of states (DOS) calculations.

Here, we demonstrate that a combination of core-level and valence-band soft-x-ray
standing-wave photoemission spectroscopy (SW-XPS) [137,203,204] and HRSTEM can
be utilized to probe the coupling between the electronic and structural properties in an
ESMO/LSMO superlattice at the unit-cell level. We extract both core-level and valence-
band depth-resolved electronic-structural information from the three individual unit cells
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of the topmost ESMO layer, which exhibit enhanced engineered structural modulations of
the A-site-cation positions as well as oxygen-octahedral rotations and tilts. Our
experimental results suggest significant local modulations in the valence-band DOS, which
exhibit excellent agreement with the first-principles theory and suggest the emergence of

a reconstructed (relaxed) ESMO layer at the surface.

For this study, a high-quality epitaxial [3-u.c. LSMO / 3-u.c. ESMO] x 15
superlattice was synthesized on top of a single-crystalline (Lao.3Sro.7)(Alo.ssTao.35)O3 (001)
substrate by oxide MBE. High-resolution scanning transmission electron microscopy
(HRSTEM) in conjunction with STEM modeling was used to confirm the presence of
structural modulations in the superlattice and to quantify the amplitudes and directions of
the A-site cation displacements in each layer. The measurements were carried out using
the aberration-corrected TEAM 1 microscope at the National Center for Electron

Microscopy Facility of the Molecular Foundry (LBNL).

5.2 Measurement results and analysis

Fig. 5.1 provides the summary of the results of this nano-structural analysis as well
as the theoretical calculations, starting with the high-angle annular dark-field (HAADF)
image of the superlattice along the [100]pc projection (Fig. 5.1 (a)). The superlattice
layering is immediately evident due to the modulation in the brightness of the A-site atomic
columns, with the heavier A-site cations (Eu in ESMO) appearing brighter and the lighter
ones (La in LSMO) appearing dimmer. The interfaces appear atomically abrupt, with a
minimal interfacial intermixing confined to a single unit cell, which is consistent with our

prior measurements of similar samples [196,197].
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Fig. 5.1 Atomic structural modulations: experiment and theory. a. HRSTEM-HAADF image
of the superlattice along the [100],c projection. The top-left inset shows a magnified image,
highlighting local A-site projected displacements. b. A-site positions and displacements determined
using the HAADF signal. Atomic sites are color-coded according to the amplitude and direction of
the displacement with the uncertainties of 0.04 A and 12.94°, respectively. c. A-site displacement
gradient map, showing the displacement amplitudes, as referenced to the plane immediately below.
d. Atomic-plane-averaged A-site displacement amplitudes calculated via DFT+U, with the error-
bars accounting for the variations within the individual A-site monolayers. e. High-resolution BF
image along the [100],c projection. f. LSMO/ESMO supercell built using the averaged data from
e. and overlaid by the simulated BF images (yellow dotted boxes). Magnified simulations for
ESMO and LSMO are shown in the outsets. g. Oxygen octahedral rotation and tilt angles, as defined
in the diagram on the left side, calculated via DFT+U.

The inset in the top-left corner shows magnified view of a typical measured area,
containing several atomic layers and highlighting the local A-site projected displacements
in the ESMO layer, which is marked with red arrows. Notable zig-zag-like modulations in
the projected A-site cation positions are evident in the inset and are quantified for the entire
image in Fig. 5.1 (b). Here, the atomic sites of the A-site cations are color-coded according
to the magnitude and direction of the measured displacement. The bottom two atomic
layers shown in the figure correspond to the substrate, which is used as a zero-displacement

reference. Thus, as expected, most of the sites in this region appear dark-violet - the color
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of the center of the HSV wheel in the legend of Fig. 5.1 (b). This picture changes abruptly
above the substrate, where significant depth-dependent A-site shifts are evident from the
color modulations in the first few atomic planes, corresponding to the three-unit-cell-thick
ESMO layer. The zig-zag-like pattern, which is shown locally in the inset of Fig. 5.1 (a),
appears to be a general trend within the ESMO layers, with the alternating amplitudes of
+0.3 A (predominantly green-colored layers) and -0.3 A (predominantly magenta-colored
layers). The modulations are comparatively smaller in the LSMO layers, as evidenced by
the broad dark-violet slabs appearing between the ESMO layers. Fig. 5.1 (c) shows a
differently-color-coded representation of the data, quantifying the absolute changes of the
A-site displacements in an atomic plane, as referenced to the plane immediately below.
Such a 'gradient map' is instrumental in emphasizing large displacement gradients in the
ESMO layers.

The experimental results for the A-site cation displacements are in full qualitative
and close quantitative agreement with the atomic positions predicted by the first-principles
DFT+U calculations, shown for a typical ESMO/LSMO bilayer within the superlattice.
Fig. 5.1 (d) shows the plot of calculated atomic-plane-averaged displacements, with the
error-bars accounting for the variations within the individual A-site monolayers. A
characteristic zig-zag trend is observed, with prominent modulations in the ESMO layer,
which is fully-consistent with the experimental results in Fig. 5.1 (b). The calculated
displacement magnitudes of approximately +/-0.2 A are also in excellent agreement with
the experiment.

Fig. 5.1 (e) shows the high-resolution bright-field image of an area within the same
probed region. Bright-field imaging is sensitive to the oxygen atoms, which do not exhibit
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sufficient contrast in HAADF due to their low atomic number, as compared to the other
elements in the superlattice (Eu, La, Sr, and Mn). Therefore, bright-field imaging can be
instrumental in detecting and quantifying lattice distortions induced by the changes in the
tilt and rotation angles of the oxygen octahedra in perovskite structures [197,205]. Such
distortions are immediately apparent in Fig. 5.1 (e), where oxygen atoms appear as the
smallest elongated grey spots in-between the largest black A-site cations. It is also clear,
upon a more careful inspection, that the distortions are significantly more pronounced for
the ESMO layer. A magnified image of an area containing a typical ESMO and a typical
LSMO layers is shown in Fig. 5.1 (f). The apparent elongations of the oxygen sites occur
due to the variations in the octahedral tilts and rotations (as defined in the schematic
diagram below) within the [100]c-projected atomic columns, and appear to be significantly
larger in the ESMO layers. This is fully-consistent with the STEM modeling results,
overlaid on the experimental data (yellow dotted boxes) and shown in the magnified
outsets, as well as the results of the first-principles DFT+U calculations shown in Fig. 5.1
(9) (see caption for details), which predict a ~4.5° increase in both the tilt and rotation
angles relative to LSMO.

In summary, the HRSTEM imaging and modeling confirm the presence of
engineered structural modulations in the [ESMO/LSMQ]x15 superlattice, in excellent
qualitative and quantitative agreement with the first-principles DFT+U calculations, and
consistent with the prior study on similar samples [196,197]. The modulations, manifested
as A-site cation displacements and oxygen octahedral rotations and tilts, are prominently

enhanced in the ESMO layers. In the following, we examine the unit-cell-resolved
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electronic-structure modulations which accompany these significant lattice distortions in
the ESMO layer.

In order to selectively probe the depth-resolved electronic structure of each unit cell
of the topmost ESMO layer and the ESMO/LSMO interface, we used soft x-ray standing-
wave (SW) photoemission spectroscopy (SW-XPS) at the high-resolution ADRESS
beamline of the Swiss Light Source [206]. All measurements were carried out at the photon
energy of 833.5 eV, at the onset of the La Ms (3ds/2) absorption threshold (characterized
in-situ via XAS), in order to maximize the x-ray optical contrast between ESMO and
LSMO, which in-turn lead to the significant enhancement of the SW modulation amplitude
[137,207]. The total energy resolution was estimated to be approximately 100 meV, and
the sample temperature was set at 30 K.

Core-level photoemission intensities were measured in the near-Bragg-angle
variable-incidence experimental geometry shown schematically in Fig. 5.2 (a). At least one
core-level peak from every constituent element of the multilayer was recorded as a function
of grazing incidence angle from 16 to 21° (rocking-curve measurement) and fitted using
an x-ray optical code which accounts for the multiple reflections at interfaces, differential
electronic cross section of each orbital, as well as the elastic attenuation lengths (EAL)
within each layer [70]. Only the thicknesses of the ESMO and LSMO layers and the
interface roughness (interdiffusion) were allowed to vary in the model. Experimental
results for Eu 4d, La 4d, Mn 3p, and Sr 3d (circular markers) as well as the best theoretical
fits to the data (solid curves) are shown in Fig. 5.2 (b), exhibiting excellent agreement in
terms of both amplitudes and relative phases. The La 4d and Eu 4d rocking-curves exhibit
a 180° phase-shift due to the fact that the La and Eu cations reside in different layers and
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Fig. 5.2 SW-XPS experiment and x-ray optical simulations. a. Schematic diagram of the sample
and the experimental geometry, showing the soft x-ray beam, incident at the grazing angle
corresponding to the first-order Bragg condition, and the resultant x-ray SW within the superlattice.
b. The best fits between the experimental and calculated SW rocking-curves for the Eu 4d, La 4d,
Mn 3p, and Sr 3d core levels. c. The resultant model of the superlattice, which self-consistently
describes the shapes and amplitudes of the rocking-curves for every constituent element in the
structure (O is shown separately, in Fig. 3). The white-to-blue color scale represents the simulated
intensity of the x-ray SW E-field (E?) inside the superlattice as a function of depth and grazing
incidence angle. The line-cuts and the corresponding E-field intensity plots on the right side at the
grazing incidence angles of 18.7°, 19.2° and 19.8°, the SW preferentially highlights the top, middle
and bottom unit-cells of ESMO, respectively.

the period of the SW, in the first order approximation, equals to the period of the
superlattice [52,70]. The Mn 3p and Sr 3d photoemission intensities originate from the
elements residing in both layers and are thus dominated by the contributions from the top
(ESMO) layer, exhibiting similar phase (shape) to the Eu 4d rocking-curve and suppressed
amplitudes, as expected [137,207,208]. It is important to note that, although the entire
superlattice, including the substrate and the surface-adsorbed contaminant, must be
considered by the model, only the topmost layers are actually relevant for our
photoemission measurement due to the limited EAL of photoelectrons at 833 eV (~20 A)
[39,48,137,207].

Fig. 5.2 (c) shows a schematic diagram of the several topmost layers of the
superlattice, obtained using the set of best-fit parameters. The individual thicknesses of the

three-unit-cell-thick layers of ESMO (11.41 A) and LSMO (11.64 A) are consistent with
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Fig. 5.3 Oxygen-derived unit-cell-resolved electronic structure. a. 2D intensity plot of the
depth-dependent evolution of the O 1s core-level, with the three key line-cuts, corresponding to the
depths of the bottom (green), middle (blue) and top (red) ESMO unit-cells. b. Depth-specific O 1s
spectra extracted from the line-cuts in a. c-f. Spectral components originating from the bottom (c),
middle (d) and top (¢) ESMO unit cells, as well as the adsorbate at the surface (f). g. Integrated
intensities of the unit-cell-specific O 1s spectral components shown in c-f, as a function of the
grazing incidence angle. The plots are vertically offset with respect to each other for clarity. h. SW
rocking-curves of the unit-cell-specific O 1s spectral components (solid symbols) and the rocking-
curve simulations for each individual unit-cell comprising the top-most ESMO layer in the
superlattice. i. Plot of the correlation between the experimental binding-energies of the unit-cell-
specific O 1s spectral components and the DFT+U-calculated integrated charge on the O atoms in
the top three unit cells of ESMO (shown for the Eu(Sr)O and MnO; planes separately).

the unit-cell constants reported in prior studies [196,197,207]. The thickness of the surface
contaminant is 5 A, also consistent with prior studies [207,208]. The blue-to-white color
contrast in Fig. 5.2 (c) shows the simulated intensity of the x-ray SW electric field (E?) as
a function of the grazing incidence angle (along the horizontal axis). The SW exhibits
maximum contrast of approximately 34% in the vicinity of the Bragg condition (~19°).
The intensity is maximized in the topmost ESMO layer and exhibits a depth-dependent

evolution as a function of the grazing incidence angle, plotted as a series of vertical line-

cuts on the right side of the panel. It is evident that at the incidence angles of 18.7°, 19.2°
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and 19.8°, the peak intensity of the topmost antinode of the SW preferentially highlights
the top, middle and bottom ESMO unit cells, respectively. Due to small interfacial
intermixing, the bottom unit cell could also be considered an ESMO/LSMO interfacial
layer. According to the prior SW studies, the depth-resolution of the SW-XPS in the soft
X-ray regime can be approximately estimated as 1/10 of the multilayer period
[204,207,208]. For our sample, the resultant estimate of ~2.3 A is well within the unit-cell
limit. Therefore, we can expect to be able to extract unit-cell-resolved depth-dependent
information from the top ESMO layer.

This capability becomes clearly evident upon the examination of the O 1s SW
rocking-curve, shown as a photoemission intensity (color) map in Fig. 5.3 (a). The
horizontal axis represents the binding energy, the vertical axis corresponds to the variable
grazing incidence angle and is therefore related to the vertical position of the SW within
the layer, as discussed above. The plot in Fig. 5.3 (a), therefore, contains the depth-resolved
information regarding the distribution and evolution of the chemical and electronic states
of the oxygen atoms within the probing range of the SW and limited by the EAL of ~20 A.

Three horizontal line-cuts at 18.7°, 19.2° and 19.8° (see discussion of Fig. 5.2 (c)
above) yield the unit-cell-specific O 1s spectra shown in Fig. 5.3 (b). It is important to note
that the SW does not exclusively probe any one given unit-cell within a layer, but rather
amplifies the spectral features originating from that unit-cell, according to the E-field
intensity distribution within the sample. It is, therefore, expected that we should observe a
superposition of multiple spectral components originating from various depths, which
either grow or decay in intensities as the antinode of the SW propagates vertically through
the layer.
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These four distinct spectral components, easily identifiable in Fig. 5.3 (b), were
decoupled via simultaneous fitting of the O 1s spectra with four simple Voight peaks, and
plotted separately in Fig. 5.3 (c-f) for the three probing depths selected by the SW by
varying the grazing incidence angle (see Fig. 5.2 (c) for reference). The integrated
intensities for each component are plotted as a function of increasing grazing incidence
angle (and therefore increasing probing depth) in Fig. 5.3 (g) (the curves are offset
vertically with respect to each other for clarity).

Each component exhibits a unique angle-dependent behavior. The lowest-binding-
energy component (~529.1 eV) exhibits a near-linear growth in intensity with increasing
incidence angle, and therefore must originate from the deepest ‘bottom' unit cell at the
ESMO/LSMO interface. The second component (at Eg ~ 530.1 eV) grows in intensity as
the SW antinode propagates toward the center of the ESMO layer, and then decays as it
approaches the bottom ESMO/LSMO interface. This suggests that it originates from the
'middle’ unit cell of the ESMO layer - the SW antinode passes through it, causing an
increase in intensity at intermediate angles. The third component (at Eg =~ 531.7 eV)
continuously decays in intensity with increasing grazing incidence angle and therefore
must originate from the 'top’ unit cell of the ESMO layer - the SW antinode is continuously
moving downward and away from it. Finally, the highest-binding-energy component (at
Es =~ 533.2 eV) decays in intensity at intermediate angles but shows a small upturn at the
highest angle of 19.8°. Due to its binding energy, this spectral component can be assigned
to the oxygen in the surface-adsorbed contaminant [32,209]. The upturn in intensity at
19.8° is caused by another SW antinode grazing the surface of the sample at higher

incidence angles, resulting in enhanced photoemission signal from the surface adsorbates.
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In summary, the unique angle-dependent SW-induced behavior of the distinct spectral
components of the O 1s spectrum allows for an unambiguous assignment of these
components to the distinct layers in the structure. Below, we verify this assignment via
rigorous x-ray optical analysis.

In Fig. 5.3 (h), we plot the experimental SW rocking-curves of the three higher-
binding-energy components of the O 1s peak (solid markers). It is immediately apparent
that the three experimental rocking-curves are shifted with respect to each other in angular
position (phase), suggesting a different depth-of-origin (see Fig. 5.2 (c)) [208,210], which
is consistent with our prior analysis, shown in Fig. 5.2 (c-g). The solid curves overlaying
the experimental data are the x-ray optical simulations [52] of the rocking-curves for each
individual unit-cell comprising the top-most ESMO layer in the superlattice, defined to be
3.803 A-thick, consistent with the model in Fig. 5.2 (c). The bottom simulated unit-cell
includes the interface with the LSMO underlayer. The agreement between experiment and
the simulation is remarkable, in particular, with respect to the shifts in the angular positions
of the peaks, which, in turn, correspond to the differences in the depths-of-origin for the
maximum photoemission signal. It is important to note that all three experimental peaks
occur within the angular range between 18° and 20° and exhibit the lineshape and the phase
similar to that of the Eu 4d rocking-curve, shown in Fig. 5.2 (b) (black spectrum). This
serves as an additional verification that all three components originate from the different
depths within the ESMO (and not LSMO) layer.

Our rigorous x-ray optical simulations, therefore, confirm the eV-scale unit-cell-
dependent changes in the binding-energy of the O 1s core-level peak within the 3 u.c.-thick
ESMO layer, and thus suggest significant depth-dependent modifications in the

99



a. Top ESMO b. Equatorial O C.
n a A Vacuum Apical O SW valencédand photoemission
5 L Wl . — Top — Mid — Bot
\% SR Top ESMQ--- B z
@ "\ = bt 5
Mid ESMO Q" A : g
2 A = [ MIdESMG - ) kS
a a g' oy '\,\_r/ L W 2 A
3 G (0} 3 B S | e
- ofiomayo W " Sronns | BOtESMQ--- ) g
4 3 2 10 I, \ =
Bot ESMO Binding Energy (€V) LSMO 4 3 2 1 0 30 25 20

Binding Energy (eV) 4 3 2 1 0
G Binding Energy (e’
oo G @ BQG @ ole g gy (eV)

Fig. 5.4 Unit-cell-resolved valence-band electronic structure. a. DFT+U calculations of the
atomic structure of the top three unit-cells of ESMO. The layers exhibit structural modulations (in
agreement with the HRSTEM measurements), as well the surface-layer reconstruction,
characterized by the emergence of the tilted oxygen tetrahedra. b. Atomic-plane-resolved O 2p-
projected pDOS for the atomic planes containing the equatorial and apical oxygen atoms in the
topmost ESMO layer. c. Unit-cell-resolved SW valence-band photoemission spectra, probing the
corresponding depth-resolved changes in the DOS.

chemical/electronic environment around the oxygen atoms within this layer. Such unit-
cell-specific variations, undetectable by the conventional depth-averaging characterization
techniques, are not unexpected in view of our HRSTEM results (see Fig. 5.1), which
suggest significant structural modulations within the ESMO layer, consistent with the first-
principles DFT+U calculations. Furthermore, symmetry-breaking due to the presence of
the surface (as well as strain) may lead to both structural and electronic surface
reconstruction phenomena, which could account for the ~1.6 eV increase in the binding
energy of the O 1s core-level for the topmost ESMO unit cell.

In order to understand the significant increase in the binding energy of the O 1s
core level at the surface, in Fig. 5.3 (i) we now show the results of the DFT+U calculation
for the integrated electronic charge on the oxygen atoms for the top three unit-cells of
ESMO. It should be noted that only the 2s and 2p orbitals were included in the calculation
(due to feasibility considerations), with the Wigner radius of integration set to 1 A, in order

to sample the deeper levels, rather than the bonding electrons. The resultant values for the
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integrated electronic charge exhibit excellent (inverse) correlation with the O 1s binding
energies, with the surface unit-cell exhibiting the lowest charge (~5.034 ¢°) and the highest
binding energy (531.7 eV), as expected from basic considerations.

The relatively-large shift in the binding energy of the O 1s core level in the topmost
(surface) unit-cell of ESMO suggests the possibility of surface reconstruction/relaxation.
We explore this likely scenario below, using depth-resolved SW valence-band
photoemission measurements [137,210] in conjunction with the first-principles DFT+U
density-of-states (DOS) calculations.

Fig. 5.4 (a) shows the calculated structures of the three topmost unit cells of ESMO
(top view). While the bottom and the middle unit cells exhibit structural modulations,
which are consistent with our HRSTEM measurements (A-side displacements and oxygen
octahedral rotations/tilts), the topmost layer exhibits a new relaxed structure, characterized
by the emergence of tilted oxygen tetrahedra (with triangular bases), interspersed among
the typical oxygen octahedra (with square bases). The two shapes are identified with the
arrows in the top panel.

Below, we demonstrate that such subtle surface-relaxation phenomena, which
occur only in the top unit-cell of an ultrathin epitaxial oxide film (ESMO), can be probed
by the depth-resolved SW-XPS of the valence-bands with single-unit-cell resolution. Fig.
5.4 (b) shows the effects of the oxygen-mediated surface reconstruction on the layer-
resolved valence-bands DOS calculated via DFT+U. The region near the Fermi level is
dominated by the strongly-hybridized O 2p-Mn 3d states. We therefore only show the O
2p-projected partial DOS for each atomic plane containing equatorial and apical oxygens.
The most significant changes are predicted to occur within the binding-energy window
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between 0 and 3 eV. In particular, we observe a broadening and a shift to lower binding
energy of feature A (at ~2.5 eV), as well as the emergence of a new state at ~1 eV (labeled
B and B'), which is particularly strongly-pronounced for the equatorial (surface-like)
oxygens (B).

Our unit-cell-resolved experimental SW-XPS valence-band spectra (Fig. 5.4 (c))
exhibit excellent agreement with the theoretical DOS, both in terms of the energies and
relative intensities of the relevant features. It is important to note that we expect to see
smaller effects in our experimental data (compared to theory), since the SW contrast is
estimated to be approximately 34% (see Fig. 5.2 (c)), which means the unit-cell-dependent
changes will ride on a strong depth-averaged background signal. Furthermore, feature B
(B") is expected to be prominent in all spectra due to its surface origin. Nevertheless, we
clearly observe a theoretically-predicted shift to lower binding-energy for feature A (at
~2.5 eV, consistent with the calculations). Furthermore, we similarly observe an

enhancement in intensity of feature B, B' (at ~1 eV) in the surface (top) ESMO unit-cell.

5.3 Summary

In summary, our unit-cell-resolved experimental data for the ESMO/LSMO
superlattice, obtained via multiple depth-resolved spectroscopic and microscopic
techniques, exhibit excellent agreement with the first-principles layer-resolved DFT+U
calculations at several important levels. First, the atomic structure measured via HRSTEM
in the bulk of the superlattice is in both qualitative and quantitative agreement with the
structure predicted by the theory (see Fig. 5.1). Second, the depth-dependent shifts in the
binding-energy of the O 1s core-level, measured via SW-XPS, exhibit near-linear

correlation with the calculated integrated electronic charge on the oxygen atoms for each
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unit cell of the topmost ESMO layer (see Fig. 5.3). Third, the depth-dependent SW-XPS
of the valence bands, in conjunction with the DOS calculations within the same self-
consistent DFT+U model, strongly suggest the emergence of surface-reconstructed
(relaxed) ESMO layer, characterized by the presence of sites with tetrahedral oxygen
coordination (see Fig. 5.4).

In addition to revealing a new reconstructed surface phase of ESMO, as well as the
significant unit-cell-resolved modulations of the core-level and valence-band electronic
structure in this transition-metal oxide induced by heterostructuring and strain, these results
demonstrate both the power and necessity of depth-resolved x-ray techniques (such as SW-
XPS) that are capable of probing buried layers and interfaces and thus go beyond

conventional surface-specific or depth-averaging electronic-structure studies.
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CHAPTER 6

SUMMARY AND FUTURE OUTLOOK

Over the past several decades, x-ray photoelectron spectroscopy (XPS) has
developed and grown to become one of the most widely-used and effective techniques for
the measurements of the electronic, magnetic and structural properties of materials.
Conventional XPS measurements with AlKa and MgKo X-ray sources, which were
developed in the early days of XPS, are limited by the constraint of the fixed photon energy
and polarization, as well as the photon flux, due to the nature of the radiation source.
Motivated by these shortcoming, synchrotron radiation sources were developed in the
1960-70s. Synchrotrons are remarkable for their high brilliance, which outshines
conventional x-ray tube sources by several orders of magnitude, as well as the possibility
to tune the photon energy across a wide range, from the VUV and all the way up to the
hard x-ray region. Furthermore, modern-day insertion devices, such as undulators, enable
full control of the x-ray polarization, including both circular and linear. Enabled by these
technological and scientific advances, as well as by the concomitant innovations in the
design and implementation of high-resolution energy- and momentum-resolved detectors,
the x-ray science community has compiled a powerful and diverse suite of x-ray
experimental techniques. These include, for example, soft x-ray standing-wave
photoemission  spectroscopy (SW-XPS) for depth-resolved electronic-structure
spectroscopy, angle-resolved photoemission spectroscopy (ARPES) for momentum-
resolved electronic structure measurements, hard Xx-ray photoemission spectroscopy
(HAXPES) for bulk electronic structure measurements, polarization-dependent x-ray
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absorption spectroscopy (XAS) for magnetic and chemical spectroscopy, photoemission
electron microscopy (PEEM) for nanoscale magnetic and chemical imaging, and nanoscale
scanning x-ray diffraction microscopy (nano-SXDM) for nanoscale structural
characterization. In this thesis, we have demonstrated the power of combining these
cutting-edge techniques with the purpose of investigating the nanoscale coupling between
the electronic, magnetic and structural properties in advanced nanomaterials. The
experimental measurements were compared with results of the first-principles calculation.

Specifically, we used a combination of synchrotron-based X-ray spectroscopic,
scattering and imaging techniques, such as polarization-dependent PEEM, nano-SXDM
and SW-XPS, to investigate the electronic, magnetic and structural properties of materials
and material systems which exhibit natural as well as engineered nanoscale structural
distortions. An extended summary of the completed work, carried out at the Advanced
Photon Source (ANL), Advanced Light Source (LBNL), Diamond Light Source, and Swiss

Light Source (PSI), as well as the key findings are summarized below.

6.1 Coupling between the nanoscale structural and magnetic properties in Fezz 9Gags 1

In the first part of this two-part dissertation, we have investigated the nanoscale
magneto-elastic structure of the Fezs9Gaze.1 magnetic alloy, which was recently reported
to exhibit nonconventional magnetostrictive properties [149,150]. Atto-scale elastic
gradients and strain modulations across the entire crystal were quantitatively measured and
imaged by nano-SXDM at the Advanced Photon Source. It was found that the elastic
gradients are accommodated by gradually increasing/decreasing inter-planar lattice
spacing resembling a longitudinal wave with the wavelength of approximately 269 nm.

The complementary XMCD-PEEM measurements revealed that the magnetic structure
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modulates with a similar periodicity (~255 nm), and the resulting atto-scale
correspondence of these periodicities produces a macroscopic magnetic-field-induced

deformation, which is equal to the self-strain across one period of the strain oscillations.

In scanning nano-SXDM, the real-space images are constructed by scanning a
nano-focused monochromatic hard x-ray beam across the sample while recording the far-
field Bragg diffraction patterns. The beam is focused on the sample using a Fresnel zone
plate diffractive optic in which the outermost zone width (d = 20 nm) ultimately defines
the size of the beam spot on the sample in the hard x-ray regime (3~25 nm) [211]. The
probing depth at a typical photon energy of 10.4 keV is estimated to be ~3 um, being
representative of the bulk properties. In our experiments, the real-space images were
obtained by scanning the beam along the two in-plane principal directions, [100] and [010],
of the disc-shaped Fe-Ga crystal with [001] direction normal to the disc. Each one of the
~3,300 real-space pixels in the ~2.5 um x 2.5 um scan represents a separate two-
dimensional detector image of angularly-resolved Bragg diffraction signal of the off-
specular [022] diffraction peak, from which the information regarding the [020] lattice
modulations was derived. The relative shift of peak in the momentum transfer between
adjacent scanned points is then extracted from each detector image, color coded (from
yellow to brown), and used to form a real-space map of the elastic gradients across the
sample.

The micromagnetic structure in the Fe-Ga crystal was imaged by XMCD-PEEM
[98,155] at the Fe Lz absorption edge. The large-field-of-view imaging revealed the
existence of a periodic cellular magnetic structure; this cellular structure is similar to the

one described in Ref. [149]. Clues to the existence of nm-scale internal magnetic gradients
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in the crystal are apparent in the PEEM images - zigzagged domain walls instead of
normally straight segments circumscribe each cell. From a typical line-cut across the
nanoscale lamellae, the average periodicity of the lamellae is found to be 255 nm. This is
similar to the average periodicity of the lattice atomic plane spacing modulation (~269 nm),
pointing to a common origin for the elastic and magnetic modulations.

The full polarization-dependent x-ray absorption (XAS-XMCD) spectra measured
at beamline 4.0.2 of the Advanced Light Source [98,155] on Fe and Ga at the L3
absorption thresholds provides further insight into the magnetic and electronic structure of
the crystal. The magnetic field-dependent Fe L3 and Ga L23 XAS spectra obtained in
grazing-incidence geometry and using circularly polarized x-rays were collected under
applied magnetic fields of 0.4 T directed parallel and antiparallel to the polarization
direction, respectively. Multiple-peak structure of the Fe XAS and XMCD spectra suggests
the presence of the Fe oxide(s) at the surface [212]. Two features associated to the main Fe
peaks indicate the two inequivalent Fe sites in the DOs lattice. The Ga atoms possess an
antiparallel induced magnetic moment; this has previously been reported in Fe-Ga thin

films, ~17 nm thick [213].

6.2 Control of the electronic structure in Euo7Sro.3MnOs/Lao.7Sro3sMnQOsz superlattices by
engineered cation displacement and O-octahedral modulations

Complex oxide heterostructuring has been demonstrated to be an effective method
for tuning key electronic and magnetic materials’ properties, such as metal-insulator
transition, magnetic and orbital ordering temperatures, etc. [196,214]. Thus, tailoring and
spatially-confining electronic and ferroic behavior via coherent epitaxy offers a promising

avenue towards engineering new functional properties in complex oxide heterostructures
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[196,215,216] where strong coupling between the charge, spin, orbital and lattice degrees
of freedom provides diverse opportunities to explore and control new physical properties
[217].

In this work, we used a combination of SW-XPS [137], HAXPES, and scanning
transmission electron microscopy (STEM) to probe the depth-dependent and single-unit-
cell resolved electronic structure of isovalent ~manganite superlattices
[Euo.7Sro3sMn0Os/Lao.7SrosMn0Os]1s wherein the electronic and magnetic properties are
intentionally modulated with depth via engineered O octahedra rotations and A-site
displacements.

The sample for this study was synthesized on a single-crystalline LSAT substrate
using Molecular-Beam Epitaxy (MBE) and was characterized using high-resolution
STEM. The horizontal A-site atomic displacements and Mn-O octahedra rotations were
experimentally determined and revealed to be largely confined to the Euo.7Sro3sMnOs
layers, in agreement with first-principles Density Function Theory (DFT) calculations.

Angle-resolved core-level and valence-band spectra were measured via SW-XPS
at the ADRESS beamline of the Swiss Light Source. Experimental rocking curves (RCs)
for the Eu 4d, La 4d, Mn 3p and Sr 3d core-levels were fitted using Xx-ray optical
calculations. X-ray E-field intensity (E2) within the superlattice as function of the incidence
angle was simulated based on the resultant best-fit model for the sample. Strong electronic-
structural modulations in the top three unit cells of the Euo.7Sro.3MnQOs3 layer were observed
via the O 1s SW-XPS, which suggest strong depth-dependent changes of electronic and
chemical environment around the O atoms. Similar measurements of the Mn 2p core-
levels revealed no significant depth-dependent changes in the electronic/chemical state of
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Mn. Detailed analysis of the experimental data and theoretical calculation suggests that the
observed changes in the electronic environment of topmost O atoms is due to the loss of
charge on O, which is a result of the lattice reconstruction in the few top Eug.7Sro.3MnO3
layers.

In summary, SW-XPS measurements of the Mn 2p and O 1s core-levels confirms
isovalent nature of the Mn ions in the superlattice and revealed significant depth-dependent
variations in the local chemical and electronic environment around the O atoms consistent
with the state-of-the-art theoretical calculations. It was furthermore shown that the surface
relaxation in the several top Euo.7Sro.3MnQO3 atomic layers produces substantial changes in
the observed electronic structure, which the theory predicts is due to the surface

reconstruction and the establishment of stripe order in the top unit cell.
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