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Physics

Atomic and molecular chemical properties are largely determined by the electronic structure of
near Fermi-level states. Determining this structure is therefore one of the central tasks in
materials characterization and development. In the work of this dissertation I explore the
capabilities and limitations of non-resonant x-ray emission spectroscopy (NXES) as an analytical
technique aimed at addressing these issues. To this end, I report the development of novel
laboratory- and synchrotron-based instrumentation for the study of transition metal and
lanthanide compounds. One of the primary results of this research thrust is increased
accessibility and throughput, making NXES measurements a more viable option in routine and
research-grade materials study. Using experimental data obtained from these spectrometers, I

evaluate current state-of-the-art theory in terms of modeling valence structure in ambient



transition-metal complexes. Additionally, I use NXES to elucidate the evolving 4f-electronic
structure in the early light lanthanides under pressure. In particular these results show a persistent
4f-moment across certain volume collapse transitions in Cerium and Praseodymium, thus helping

settle a long-standing debate about the nature of volume collapse.
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Figure 2.3. A DuMond-type focusing-Laue spectrometer. Radiation from the point source (s) is
diffracted by transmission through the bent crystal. The rays diverge after diffraction
creating an on-circle virtual image at r’, the position of which is characteristic of x-ray
energy. An extended detector captures the diffracted rays behind the Rowland circle.18

Figure 2.4. A von Hamos-type dispersive spectrometer. The curved optic is focusing along the
cylindrical axis (vertical) and dispersive in the perpendicular plan. The reflected x-ray
energy is therefore a function of horizontal position on the detector. Figure reproduced from
J. C. Dousse and J. Hoszowska, in High Resolution XAS/XES: Analyzing Electronic
Structures of Catalysts, edited by J. Sa (CRC Press, Boca Raton, 2015).%° ............. 20
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Figure 2.5. An off-circle Rowland geometry. Here the diverging point source (s) is moved inside
the Rowland circle which creates an arc of virtual source locations on circle. Each of these
virtual sources corresponds to a unique Bragg angle (energy) in the typical Rowland circle

scheme. The refocused x-ray energy is therefore a function of lateral detector position.

Figure 2.6. A Cauchois-type dispersive-Laue spectrometer. An extended source illuminates the
curved optic from many angles of incidence, causing multiple energies to be focused
simultaneously. X-ray energy is then a function of lateral position on a position-sensitive
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Figure 2.7. A seven-crystal Johann crystal spectrometer. Reproduced from D. Sokaras, T. C.
Weng, D. Nordlund, R. Alonso-Mori, P. Velikov, D. Wenger, A. Garachtchenko, M.
George, V. Borzenets, B. Johnson, T. Rabedeau and U. Bergmann, Review of Scientific
Instruments 84 (5), 8 (2013).5% .. ..o 24

Figure 2.8. Geometrical ray tracing for a segmented von Hamos spectrometer. (a) Side view: of a
single flat crystal; (b) Front view: tracing from all the analyzer crystals. Here the source-to-
analyzer rays have been omitted for clarity. Reproduced from B. A. Mattern, G. T. Seidler,
M. Haave, J. 1. Pacold, R. A. Gordon, J. Planillo, J. Quintana and B. Rusthoven, Review of
Scientific Instruments 83 (2), 023901 (2012).7% ..o 26

Figure 2.9. Rendering of a von Hamos x-ray crystal spectrometer: 1) cylindrically bent crystal, 2)
position-sensitive CCD detector, 3) target barrel, 4) x-ray tube source, 5) beam ports and 6)
vacuum pump. Reproduced from J. Hoszowska, J. C. Dousse, J. Kern and C. Rheme,
Nuclear Instruments & Methods in Physics Research Section a-Accelerators Spectrometers
Detectors and Associated Equipment 376 (1), 129-138 (1996).% .........ccccvevevernnce 28

Figure 2.10. (Top) the classical von Hamos geometry in which the position sensitive detector is
oriented along the cylindrical axis of the bent optic. (Bottom) A novel, full-cylinder
geometry which places the detector face perpendicular to the crystal bend axis. Reproduced
from L. Anklamm, C. Schlesiger, W. Malzer, D. Grotzsch, M. Neitzel and B. Kanngiesser,
Review of Scientific Instruments 85 (5), 053110 (2014).86.....coovevimieeeeeeeeen. 29

Figure 2.11. Side view of the modified-DuMond crystal spectrometer. The key components are:

(1) target, (2) slit, (3) crystal, (4) optical laser interferometer, (5) Soller slit-collimator, (6)

Xil



detector. A full description of all numbered parts can be found in the cited text. Reproduced
from M. Szlachetko, M. Berset, J. C. Dousse, J. Hoszowska and J. Szlachetko, Review of
Scientific Instruments 84 (9), 093104 (2013).87 ..o 31
Figure 2.12. A transmission-mode laboratory EXAFS spectrometer based on a dispersive-Laue
geometry. The x-ray source (S) illuminates a thin crystal which diffracts only a controlled
range of x-ray energies. The diffracted beams refocus at the sample location before
dispersing onto the position sensitive proportional detector (PSPD). Reproduced from P.
Lecante, J. Jaud, A. Mosset, J. Galy and A. Burian, Review of Scientific Instruments 65 (4),
845-849 (1994).35 . ..o, 33
Figure 3.1. Fe K-shell valence-to-core emission in Fe3Os. The three major valence features are:
Kp2;5 (ligand and metal p character to metal 1s), KB" (ligand s to metal 1s) and KLf (multi-
excitation). These peaks typically sit atop the high-energy tail of the main K13 line
(dashed-gray 1NE). ......cccueeeiiiiiiiiecee et et e e e e 35
Figure 3.2. Valence-to-core emission of a Cr nanocrystal synthesized electrochemically from a
solution containing formic acid additives (solid line). Shown is a fit (dotted line) from a
linear combination of Cr metal and Cr3C; reference standards (dashed lines). Reproduced
from V. A. Safonov, ef al., Journal of Physical Chemistry B 110 (46), 23192-23196
(2006).3 ..ottt 37
Figure 3.3. Mn K" emission from the PS-II protein in the S; state (bottom curve) compared to
that of: a) Mn" oxo; b) di-p-oxo bridged Mn,"™!; ¢) di-p-oxo bridged Mn,'"; d) cubane-
type Mn2""™™n,!V; e) cubane-type Mn"Mn;!V; ) p-alkoxide bridged Mn,!". Reproduced from
Y. Pushkar, et al., Angewandte Chemie-International Edition 49 (4), 800-803 (2010).'16

Figure 3.4. Cr valence-to-core emission for: (A) a Torino soil sample; (B) CrP; (C) Cr203; (D)
Cr3Cz; (E) Cr metal; (F) FeCr204; and (G) K2Cr207. The location of the KB” cross-over
peak in the soil sample is inconsistent with Cr-O bonding and instead suggests the Cr in soil
is associated with Cr, P, and/or C. Reproduced from S. G. Eeckhout, ef al., Journal of
Analytical Atomic Spectrometry 24 (2), 215-223 (2009).37 .....coovieveeeeeeeeeeeenn. 41

Figure 4.1. Energy scanning of the laboratory x-ray monochromator by synchronized linear

motion of the source, the exit slits (and detector), and the spherically-bent crystal analyzer
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(SBCA). Note the overall symmetry of the configuration and also the simple translation of
the Rowland CIrcle. .......ooiiiiiiiiii e 55

Figure 4.2. The general instrumental configuration for nonresonant x-ray emission spectroscopy
with the laboratory monochromator. Broad-band illumination from the x-ray tube source is
incident on the face of the idealized sample of thickness ¢. The resulting nonresonant x-ray
emission is the analyzed by the spherically-bent crystal analyzer (SBCA) and refocused at
the detector. Energy scanning is then implemented as per Figure 4.1...................... 56

Figure 4.3. The general instrumental configuration for x-ray absorption near edge structure
(XANES) studies using the laboratory monochromator. The broadband x-ray radiation from
the x-ray tube source directly illuminates the spherically-bent crystal analyzer (SBCA)
which monochromatizes and refocuses the radiation onto the sample and the exit slits. The
detector measures the transmission through the sample. Energy scanning is then
implemented as per Figure 4.1. The energy-dependence of the incident flux is characterized
by removing the sample from the beampath and repeating the energy scan. ........... 57

Figure 4.4. Top-view rendering of the Rowland circle monochromator configured for XES
measurements. For scale, the spacing of tapped holes in the standard optical breadboard is
25.4 mm. (A): x-ray tube source, sample, manual sample positioner, motorized source-
assembly translator; (B): detector, motorized detector translator; (C): steering bars to
enforce correct orientation of the source assembly and the detector with respect to the center
of the spherically-bent crystal analyzer; (D): two-axis tilt stage, spherically bent crystal

analyzer, motorized positioner for linear motion (down the page) of the entire tilt assembly.

Figure 4.5. Perspective-view rendering of the Rowland circle monochromator configured for
XES measurements. For scale, the spacing of tapped holes in the standard optical table is
25.4 mm. (A): x-ray tube source; (B): manual sample positioner; (C): source assembly
positioner; (D) detector; (E): detector positioner; (F): steering bars to enforce correct
orientation of the source assembly and the detector with respect to the center of the
spherically-bent crystal analyzer; (G): spherically-bent crystal analyzer mounted on a two-
axis tilt stage; (H): motorized positioner for linear motion (down the page) of the entire tilt
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Figure 4.6. The measured spectrum for the x-ray tube source at 50 kV accelerating potential,
scaled to the full rated current of 200 HA. Note that the various fluorescence lines are much
sharper than shown; the energy resolution of the detector is degraded in this measurement
by short shaping times to avoid SatUration.............cceeeeeeiierieeiiienieeieeiie e 64

Figure 4.7. Simulated, transmission-mode u,4(E) for different numbers of incident photons per
data points (as indicated). It is assumed that the Co sample thickness ¢ for the simulation is
4 pm so that Au4 - t ~1.2 upon crossing the absorption edge. The simulation is based on a
Co metal foil reference spectrum that was taken in transmission mode at a synchrotron light
SOUICE. 230 L.ttt 66

Figure 4.8. XANES for a Co metal foil. For the laboratory XANES data the x-ray tube settings
are 50 kV and 200 PA with a brass filter in front of the tube to prevent detector saturation
from an Au fluorescence line coincident with a higher Bragg harmonic on the Ge (111)
analyzer. Due to the ~3x attenuation of the brass filter, the average incident flux was 2000
photons/s and the integration time for the laboratory XANES data was 80 s per data point.

The reference spectrum was taken in transmission mode at a synchrotron light source.?*

Figure 4.9. Nonresonant XES from a CoO powder sample. The x-ray tube settings were 50 kV
and 200 pA. The integration time was 20 s/point in the main K3 energy range and 80
s/point in the Valence reZION. ........cceeruiiiiiieriieriieiie ettt e 71

Figure 5.1. The lab-based Rowland-circle spectrometer.?>® The slits in front of the sample
constrain the angular width (665) probed by the analyzer which improves energy resolution
and reproducibility. The sample is slightly rotated (¢) to allow improved line-of-sight to the
SBC A ettt ettt ettt ettt e e n e e h et e nt e bt e nae st ebeenteeneenee 79

Figure 5.2. Peak-intensity normalized CoO KJ} spectra measured at the aligned and the extreme
misaligned location. The gray curve shows the residual between the two spectra. Inset: the
peak count rate and energy shift as a function of lateral sample position. ............... 81

Figure 5.3. KB XES for LiCoO, and Co3;04 powder samples. The red curve shows spectra
collected as ESRF; blue dots show data taken using the laboratory-based instrument
described in the text. All spectra have been normalized to peak intensity. For ease of

presentation, the valence-to-core emission is shown amplified 50x. The ESRF results have
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been broadened by 0.8 eV to match the slightly poorer energy resolution of the lab XES
results; see the text fOr dISCUSSION. .........oovvvvvuiiiiiiie e 82

Figure 6.1. The effect of crystal miscut on the refocused position of the monochromatized beam.
Due to the symmetry—breaking of the miscut the azimuthal, or “clock”, angle (¢) becomes a
relevant parameter directly affecting the reflection geometry. The yaw (8) and pitch () of
the SBCA are typically adjusted to steer the refocused beam back onto the expected focal
location on the Rowland circle............ooooiiiiiiiiiiiiiiee e 88

Figure 6.2. Two methods of correcting for a wafer miscut of magnitude a. Here the clock angle

can be thought of as a rotation of G—O about the SBCA symmetry axis A. (Left) The
symmetric Rowland case where 8 and y tilts are adjusted to steer the reflected beam (red
line) back onto the expected detector position (D). Note that such an adjustment means the
SBCA is no longer tangent to the Rowland circle. (Right) The asymmetric Rowland
configuration where the SBCA is held fixed and the detector is moved to find the
monochromatized beam. The simplest scheme offsets the detector by AD along the x-axis of
the source (S) to an off-circle location (D’). Alternatively, the detector could be moved back
ON=CITCIE (D). 1ttt ettt ettt e et e e e ta e e e te e e s raeesareeeeaseeenanes 89
Figure 6.3. The 6 and y tilts of the refocused x-ray beam relative to the expected (optical)
position. Tilts were determined by maximizing the Cu Koo (N1 Kf13) signal fora Si 111 (Si
551) SBCA operating in the symmetric Rowland configuration. Data points were taken

every 15° in ¢. A clock angle, ¢ = 0° corresponds to Gi, oriented in the Rowland-plane

tilted towards the source-side of the circle, 90° corresponds to GT, tilted out-of-plane
upwards, etc. The black dotted lines show a circular fit to each dataset, revealing miscuts of
0.45 +/-0.01°, 0.13 +/- 0.01°, and 0.081 +/- 0.002° accordingly. .......c.cccvervrennnn.e. 92

Figure 6.4. Peak normalized Ni K3 spectra for an in-plane (¢ = 0°) and out-of-plane (¢ = 90°)

orientation of G—O in the symmetric Rowland configuration. For clarity of presentation the
first spectra has been offset as indicated. Unnormalized count rates were 4270/s and 3990/s
at peak for 0° and 90° clock angle respectively. The two datasets agree so well as to be
nearly indistinguishable — the green curve shows the residual between the two normalized

spectra. Both spectra were collected at 15 seconds of integration per point in 0.1 eV steps.



Figure 6.5. A perspective rendering of the University of Washington instrument modified to
work in the asymmetric Rowland configuration. Inset: The new SBCA module where the
two-axis tilt has been replaced with a rigid, right-angle bracket. The flat back of the SBCA
lens is clamped flush to the bracket surface............cccoevieiiiieiiiniiiniieceee 96

Figure 6.6. Maximum count rate as a function of clock angle for the asymmetric Rowland
geometry. Cu Koo emission was used as the reference signal measured by a 0.45°-miscut Si
111 (444 reflection) SBCA. Count rates are given as absolute peak counts/second. The
horizontal dashed line indicates the counting rate achieved when employing the same
analyzer in the symmetric Rowland configuration. The shift in the shape when the clock
angle is rotated by 180° indicates a small error in the spectrometer design with the detector
sitting slightly below the Rowland plane.............cccoooieiiiiiieniiniieieeceeeee 97

Figure 6.7. Peak normalized Cu Ko and Ni Kf3 spectra recorded using the previously
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Chapter 1. INTRODUCTION

1.1  OUTLINE OF DISSERTATION

In the course of this dissertation, I will discuss the application of non-resonant x-ray emission
spectroscopy (NXES) in understanding the near Fermi-level electronic structure in transition
metal and lanthanide compounds and complexes. As valence-level orbitals are those most
sensitive to the local environment they are an excellent source for information on chemical state
(spin, oxidation, bonding, pressure, temperature, etc.).

In the remainder of this chapter I outline how these orbitals are probed using hard x-ray
techniques. I begin with a broad overview of x-ray spectroscopy (Section 1.2) before focusing
more closely on NXES (Section 1.4) which is the primary experimental method employed in this
work. Chapter 2 surveys the landscape of instrumentation, both tabletop and large facility-based,
employed for these techniques. In Chapter 3, I discuss in detail the weakest of all emission lines,
the so-called valence-to-core (VTC). Here I present several examples of application as well as a
review of the theoretical framework for modeling x-ray spectra.

In Chapters 46, I report the development and refinement of a robust, versatile monochromator
for high-resolution laboratory-based x-ray spectroscopic studies. These instruments fill a unique
space in x-ray spectroscopy capability: entry-level and routine research-grade. Prior to this work
the ability to perform these advanced analytical methods was almost exclusively confined to a
handful of large-scale, state-funded synchrotron and x-ray free electron laser facilities. In
addition to enabling fine studies of weak valence-to-core emission lines, such as is discussed in

Chapter 7, we predict that this work will prove to have broad applicability in the scientific
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community and will expand the reach and availability of x-ray spectroscopy as routine
characterization method.

In Chapter 8, I detail the design and performance of a medium-resolution x-ray emission
spectrometer. The intermediate resolution provided by this instrument is well matched to the
study of lanthanide fluorescence lines where intrinsic physical properties limit the achievable
resolution to 3-5 eV, achieving vastly superior count rates to high-resolution instruments without
loss of information. This spectrometer was successfully employed in a study examining the
nature of f-electrons and their evolution under extreme pressures, reported in Chapter 9. In

Chapter 10, I conclude and provide an outlook for the future directions of this work.

1.2 OVERVIEW OF X-RAY SPECTROSCOPY

X-ray radiation is perfectly matched to both atomic energy levels and interatomic spacings,
making them ideally suited for the study of electronic and local structure in atoms and molecules.
The interaction of x-rays with matter can be grouped into three distinct scattering categories: 1)
photoabsorption; 2) elastic Rayleigh scattering; and 3) inelastic Compton scattering. In the
following sections, and in the work of this thesis, I focus on a subset of spectroscopies falling
under photoabsorption, namely x-ray absorption fine structure (XAFS) and non-resonant x-ray
emission spectroscopy (XES). In particular, I will discuss how these techniques can be applied to
elucidate valence-level electronic structure in a material.

Unlike diffraction-based methods, x-ray spectroscopy is a localized atomic probe which does
not require long range crystallinity. As such it is one of only a small number of analytical
techniques equally suited to crystalline and amorphous, heterogeneous or nano-crystalline
systems. Furthermore, because each element has its own unique characteristic atomic energy

levels, x-ray spectroscopy is an inherently element-selective technique.
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While it is possible to apply these techniques as a direct probe of the Fermi-level electronic
states (e.g., L-edge spectroscopy in transition metals), it is often quite difficult in practice. These
orbitals are typically bound by less than 1.5 keV, which falls into the soft x-ray regime. The
small absorption length of low energy x-rays or electrons in air (um scale) imposes sizeable
experimental constraints, requiring the use of ultra-high vacuum. Similarly, the minimal
penetration into solids (nm scale) means the measurement is fundamentally limited to surface-
level sampling. Such a restriction means sample preparation is frequently an arduous task and
many sample conditions required for in-situ operation are difficult to implement.

When bulk-sensitivity and/or complex sample environments (absorbing matrices, high pressure
cells, cooling refrigerators, furnaces, etc.) are required, hard x-ray spectroscopy is a much better
suited technique. When working in the hard x-ray regime (> 5 keV), the radiation typically
penetrates cm-to-m in air or helium environments and 10-100 pm into the sample bulk, thus
circumventing the limitations discussed above.

Instead of directly interrogating valence electrons, hard x-ray spectroscopy instead targets
core-level states. The wave functions of deep-core electrons, however, overlap with those from
the valence and the resulting spectra therefore contain indirect information on near-Fermi level
physics. In Sections 1.3 and 1.4, I detail the sensitivity of hard x-ray XAFS and XES to valence

shell structure.

1.3  X-RAY ABSORPTION FINE STRUCTURE

X-ray absorption fine structure (XAFS) is a measurement of the energy dependence of
photoabsorption probability at energies around the binding energy of core-level electrons. The

primary metric of interest is the x-ray absorption coefficient, u(E), derives from Beer’s law:

P = e wEX (1.1)
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Figure 1.1. Top: Absorption coefficient, u(E), for Cr,O3 powder. Bottom left: XANES region

with pre-edge and white line features. Bottom right: EXAFS region normalized to the atomic

background to emphasize oscillations. Data was collected from Cr.O3 powder on Kapton tape in

transmission mode at a synchrotron light source.!

where P is the absorption probability and ¢ is the thickness of the sample. Because of electron-
electron interactions and the wave nature of photoelectrons, p(E) contains a rich structure
indicative of local geometry and chemical state. The sensitivity of XAFS to oxidation state and
coordination chemistry has made it a mainstay in a range of scientific fields such as catalysis,

electrochemistry, organic chemistry, geology, and materials research.



5

XAFS is typically divided into two regimes, as shown in Figure 1.1, each with distinct
materials information: x-ray absorption near edge structure (XANES) and extended x-ray

absorption fine structure (EXAFS).

1.3.1 X-RAY ABSORPTION NEAR EDGE STRUCTURE

The XANES region consists of incident x-rays within a ~100 eV band of the electron binding
energy (see Figure 1.1 bottom left). At energies slightly below the edge, the so-called “pre-edge”
region, a core electron can be promoted to non-continuum states resulting in increasedu. The size
of these features is usually quite weak but can in some instances rival the intensity of the main
absorption edge depending on symmetry. The absorption rises sharply as the incident x-ray
energy approaches the binding energy, corresponding to excitation of a core electron into
unbound, continuum states. This first large peak is commonly referred to as the “white line” as
absorption spectra were historically measured by exposing photographic plates. Immediately
above the edge are a number of absorption modulations caused by interference effects in the
outgoing and back-scattering photoelectron wave function. The oscillations in this regime are
irregular due to the contribution of multiple-scattering events from all atoms in the local
environment.’

In general, XANES exhibits extreme sensitivity to oxidation state. In particular the absorption
edge shifts to higher energy with increased metal oxidation. While the theoretical model of
XANES is well established, it is often sufficient to simply compare the absorption edge energy to
that of known reference to extract mean oxidation state and distribution of the local environment
via fingerprinting or principal component analysis. The prominence of multiple-scattering

interference effects also means that XANES contains information on coordination symmetry.



1.3.2 EXTENDED X-RAY ABSORPTION FINE STRUCTURE

When multiple-scattering gives way to primarily few-scattering events we enter the EXAFS
regime (see Figure 1.1 bottom right). This region typically begins ~100 eV above the binding
edge and extends ~800-1000 eV past. Here the absorption modulations are broad and smooth
(the result of short-scattering paths being dominant) and are composed of various oscillation
frequencies corresponding to scattering from different near-neighbor shells. Analysis of the
frequency content is therefore used to determine coordination number and near-neighbor
distances. In principle EXAFS modeling can also determine ligand species, although as we will

discuss in Section 1.4.3 there are complications in resolving ligands of similar atomic number.>

1.4 NON-RESONANT X-RAY EMISSION SPECTROSCOPY

X-ray emission is a second order process following from the creation of a photoelectron in an
absorption event as discussed in Section 1.3. The resultant deep-core-hole is unstable and is
quickly (~few femtoseconds) filled by de-excitation of a higher-orbital electron. To conserve
energy this downward transition is accompanied by either photon emission or promotion of a
second electron (the so-called Auger effect), the former being the observed event in x-ray
emission spectroscopy (XES). The energy of the fluoresced photon depends on the initial orbital
of the downward transitioning electron. Each subshell shows fine structure in emission resulting
from electron interactions. It is the ability to resolve these fine features which distinguishes XES
from the more common technique of x-ray fluorescence (XRF), which is used extensively for
elemental analysis. The achievement of fine resolution in experiment is discussed in Chapter 2.

Emission lines are labeled according to the shell of the core-hole and intensity. For example,

an x-ray resulting from the filling of a K-shell hole is called K fluorescence. The most intense of
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Figure 1.2. Cr K fluorescence in Cr20s. Intensity has been normalized to the Koy peak. Insets
showed magnified views (note the scales). Above each emission line is an energy level diagram
showing the initial excitation of a core-level electron into the conduction band (CB) and the
corresponding de-excitation from atomic orbitals or the valence band (VB). Reproduced from M.

Rovezzi and P. Glatzel, Semiconductor Science and Technology 29 (2), 19 (2014)*.

these K fluorescence lines are called a, followed by [, then v, etc. Lastly, a number is appended
to each line which indicates the originating subshell of the de-excited electron. The numbering
scheme is largely historical, being borrowed from neutron scattering. As such the progression in
numbering typically does not follow any meaningful physical pattern. As an example of labeling
in 3d-transition metal XES, the most intense emission lines are Ka; and Koo, corresponding to

2p3n — 1s12 and 2p12 — 1s12 respectively.
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The following sections outline the various emission lines and their sensitivity to the local
chemical environment. For brevity I will discuss only major K fluorescence in 3d-transition

metal complexes. More exhaustive descriptions of emission lines can be found elsewhere.’

1.4.1 Ko EMISSION

Ko emission corresponds to 2p — 1s transitions (see Figure 1.2). While these lines are the
most intense due to the large overlap of the 2p orbitals with the Is core-hole, they show the
weakest coupling to valence structure. The splitting between Koy and Koy is dominated by spin-
orbit interactions. The widths, however, of each feature are in principle governed by (2p,3d)
exchange and according to multiplet theory scales linearly with spin state. A number of studies
have verified the effectiveness of this method.”!!

Because the Ka lines are largely indifferent to local chemical environment, they are also at
times useful as internal calibrants for measuring relative intensity changes in the weaker
emission lines. For example, changes in the branching ratio between K and Ko fluorescence

have been used as a marker for determining valence electron structure in 3d-transition metals.'*

17

142 K EMISSION

KB emission is roughly 8-10 times weaker than Ko and several hundred eV higher in energy
for the 3d-transition metals. These features can be divided into two main regions as shown in
Figure 1.2. The main Kf13 peak is due to direct 3p — Is transitions. Unlike for the 2p orbitals,
here the spin-orbit interactions are weak and the splitting between the transitions from 3p12 and
3p3.2 are unresolvable to within the intrinsic broadening of the finite core-hole lifetime. Upon de-

excitation of the 3p electron there is a small probability that the 3d valence band will respond to
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the sudden change in screened potential by flipping spin.!® ' This effect gives rise to a slightly

lower energy feature which in turn causes the asymmetry in the Kf1 3 peak. Energy shifts in Kpi3
peak position indicate changes in the spin state and other electronic properties.'® In fact, the shift
of KBi3 (on the order of ~1 eV) has been shown to be a more reliable metric in measuring
oxidation state than edge shifts in XANES 20>

The second region is the Kf' peak, which arises from (3p,3d) exchange interaction. In the final
state there is a hole in the 3p subshell which has two possible spin orientations. Interaction with
the spin of the 3d valence band breaks the degeneracy of this state causing the splitting between
the KP1,3 and KB’ features. As such, the K’ peak is an excellent candidate for elucidating metal-
ion spin state. A number of careful studies have shown that both the intensity and separation of

K’ with respect to K1 3 scale with increased oxidation and valence spin. ! %20

1.4.3 VALENCE-TO-CORE EMISSION

At energies slightly below the K-edge there are a number of weak emission features referred to
as KP satellite or valence-to-core (VTC) lines (see Figure 1.2). In contrast to the core-to-core
transitions discussed above, which have only indirect coupling to valence structure, these
emissions involve direct transitions from valence-band orbitals to the 1s hole and are therefore
the most sensitive to changes in the chemical environment. The VTC region has two dominate
features, KB»,5 and KP”, which correspond to transitions from metal valence and ligand
electronic states respectively. The intensity of VTC emission is attributed mainly to dipole
transitions from metal valence and ligand electron states with p-character (Kf25) and from ligand
s-states (KB').2>28 Quadrupole transitions from d-character states can in some cases also be a
significant contribution.?> ° As a result of the weaker 1s overlap, these lines are 50-100 times

weaker than the main K.
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As is the case with the K13 lines discussed above, the Kf2s peak shifts in energy with
changings in screening make it an excellent fingerprint of oxidation state. Unlike K13, however,
KP2,5 exhibits an opposite energy shift more similar to the behavior of the white line in
XANES 23 24.31

The ligand-to-metal cross-over transition (KB") contains a wealth of information related to
bonding. While EXAFS is successful in extracting coordination number and bond-lengths it does
a poor job at ligand speciation, particularly when between light atom ligands of similar atomic
number such as C, N, and O.* 3> 3 Such ambiguity poses serious problems in analysis especially
for catalysis. The location of the KB" peak in XES, however, depends strongly on the ligand 2s
binding energy and hence is a sensitive index of ligand speciation.>"” 3337 Furthermore, it has
been shown that the KB" intensity relative to K25 scales logarithmically with metal-ligand bond
length. 35 3840

I will discuss VTC-XES in greater depth in Chapter 3. In Section 3.2, I give several recent
practical applications in the fields of catalysis and environmental remediation. Additionally, I

present the theoretical background of VTC emission in Section 3.3.
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Chapter 2. SURVEY OF INSTRUMENTATION

In this chapter, I review x-ray instrumentation. In Section 2.1, I provide a broad overview of x-
ray methods. The most common spectrometers are based on wavelength-dispersive methods
which fall into focusing and dispersive geometries as discussed in Sections 2.2 and 2.3
respectively. In Sections 2.4 and 2.5, I provide a brief survey of synchrotron- and laboratory-

based implementations.

2.1 BACKGROUND

In experimental practice, each of the spectroscopies discussed in Chapter 1 depend on isolating
energy bands in either the incident (XAFS) or emitted radiation (XES). The methods for doing so
fall into two main categories: energy dispersion and wavelength dispersion. The former is
usually accomplished via semiconductor, scintillation, or gas ionization detectors which deduce
energy deposition via photoelectron current or luminescence generated by absorption events.
While these detectors offer high quantum efficiencies the achievable resolutions range from
several hundred to thousands of eV, which is insufficient to resolve the fine features in XAFS
and XES discussed in Chapter 1. These detectors are useful, however, when used in tandem with
wavelength-dispersive instrumentation to isolate monochromatized signal from background
contributions thereby providing enhanced signal-to-noise compared to integrating detectors.

A new class of energy dispersion based on cryogenic superconducting detectors utilizing
calorimetric energy detection, has been shown to achieve resolutions of a few eV.*" #? This
capability is potentially suitable for some studies requiring intermediate resolution. The major
drawback of these systems is the requirement of maintain operating temperatures below 1 K and,

at present, low count rates before detector saturation.
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The vast majority of x-ray emission spectroscopy, however, relies on wavelength-dispersive

crystal spectrometers. A review of these instruments forms the remainder of this chapter.

2.1.1 BRAGG DIFFRACTION

Wavelength-dispersive methods are founded upon the geometric energy dependence of x-ray
diffraction in periodic crystals as discovered by William Lawrence Bragg and William Henry
Bragg in 1913:

nd = 2d sin (2.1)
where n is the order of diffraction, A the wavelength of diffracted x-rays, d the spacing of the
crystallographic planes, and 6 the diffraction angle.** In honor of the Braggs’ discovery the
diffraction angle is typically referred to as the Bragg angle, 5.

In x-ray spectroscopy it is often advantageous to work in terms of energy rather than
wavelength. Eq. (2.1) can be recast in energy space as:

E =E,/sinfg (2.2)
with E being the energy of the diffracted photon and E|, the backscatter energy (i.e., 85 = 90°)
for the chosen crystal diffraction planes and order. The resolving power of diffraction-based
dispersion is found by differentiating eq. (2.2):

E/AE = tan 6 /A0 (2.3)
where the angular spread A6 includes both geometric factors from the incident radiation and
intrinsic broadening from the crystal rocking curve. High-resolution crystal spectrometers, such
as are presented in this chapter, offer resolving powers of 10°-10° far outstripping the capability
of all traditional energy-dispersive detectors (10'-10%). It is this exact quality which makes

wavelength-dispersion the dominant instrumentation utilized in x-ray spectroscopy.



13

The two main approaches towards wavelength-dispersive spectroscopy are point-to-point
scanning (focusing) and fixed (dispersive) instruments. Each setup has its own unique
advantages and challenges. Focusing spectrometers provide excellent rejection of background
and offer the highest possible resolutions. Each spectrum, however, is collected in pieces, which
requires high precision in monitoring incident flux as well as completely ruling out “single-shot”
experiments such as those at x-ray free electron lasers and laser-shock facilities. Dispersive
methods, on the other hand, record the full spectrum all at once, enabling single-shot mode. The
requirement of large, exposed detector areas, however, means that signal-to-noise is necessarily
reduced, compared to focusing geometries, and there are increased systematic errors due to

inhomogeneous effects of stray scatter.

2.1.2 CURVED CRYSTALS

To this point we have made no reference to diffraction in extended crystals. The simplest case
is flat crystals. These planar crystals work well with highly collimated x-ray beams, such as
those produced at synchrotron light sources and free-electron lasers. When coupled to a
diverging source, however, each point on the crystal will be struck at a slightly different incident
angle, thus satisfying Bragg’s Law for different energies. It is therefore often advantageous to
curve the crystal such that the portions, or the entirety, of the analyzer will output in the same
energy bandwidth. Depending on the application, cylindrical, spherical, toroidal, logarithmic,
and other more complex shapes can be employed.

As spherically-bent Bragg crystal analyzers (SBCAs) are particularly relevant to the
discussions in Sections 2.2 and Chapter 3-5, I will describe them briefly here. SBCAs are

manufactured by bonding or gluing flat wafers to a concave glass lens.***® Special care must be
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taken to ensure the bonding is even and free of contaminants as any imperfections in the
resulting analyzer surface will negatively affect resolution and efficiency.

In principle, a tighter radius of curvature allows for closer working distances and subsequently
higher solid angle collection. In practice, however, the achievable curvature is limited by lattice
strains introduced in elastic deformation. Such strains significantly broaden the intrinsic rocking
curve, degrading resolution. Taken to the furthest extent the strains will overcome the wafer
elastic limit causing breakage. The magnitude of the strain is most intense along the edges and
scales with crystal size. As a result, the vast majority of applications use SBCAs with 10-cm
diameter and 1-m curvature. A handful of methods exist aimed at circumventing these issues
including stripping or dicing to relieve strain and approximating the curved surface with small,

flat crystals.

2.2 FOCUSING CRYSTAL SPECTROMETERS

2.2.1 THE ROWLAND CIRCLE

Modern focusing x-ray spectrometers are rooted in various designs developed in the 1930’s.”-
59 Each of these schemes in turn draw from the geometry of the Rowland circle which was first
employed in optical grating spectrometers.’! It was found that for x-ray Bragg diffraction there
exists a circle, with diameter equal to the optic radius of curvature, on which the divergence from
a point source has the same angle of incidence at all points on the optic surface. This criterion
naturally results in the diffracted light being refocused to the symmetrically opposite on-circle

location as shown in Figure 2.1.
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Figure 2.1. The Rowland circle geometry. For a concave diffractive optic (purple arc), there

exists a Rowland circle (green) such that the divergence from a point source (s) is refocused back

onto the circle (r) after diffracting from the optic.

The earliest implementations of this geometry made use of single-curved optics, bent
cylindrically to the Rowland circle. Modern applications typically use double-curved spherical
crystals which offer improved efficiencies and energy resolutions. While Figure 2.1 shows
explicitly a reflection (Bragg) geometry, the spectral focusing can also be achieved via

transmission (Laue) through the optic. I will review each of these cases in Sections 2.2.2 and

2.2.3 respectively.

2.2.2 BRAGG GEOMETRIES

The simplest and most common realization of the Rowland circle in x-ray spectroscopy is the

Johann geometry.*” Here a flat Bragg analyzer is bent to twice the radius of the Rowland circle
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b) Johansson

Bent Bent and Ground

Figure 2.2. a) Johann implementation of the Rowland circle geometry. The analyzer is bent to
twice the radius of the Rowland circle which causes refocusing errors at positon » (shown
exaggerated for effect). b) Johansson geometry. The crystal is bent and then ground such that it is

coincident to the Rowland circle at all points. In this case the refocusing is exact.

as shown in Figure 2.2a. Because only the center of the analyzer lays tangent to the Rowland

circle, the focusing is inexact. The degree of deviation, known as the Johann error, is:

~ _1(r)?
AG = _E(E) cot g 2.4)
where A8 is the angular aberration, p is the distance from the crystal center, and R is the optic

radius of curvature.’> > The geometrical error can be minimized by working with small crystals,
such that(%) « 1, in near-backscatter configurations, such that cotfp <« 1. Satisfying these

constraints is not difficult. As close to backscatter geometries are commonplace in resonant
inelastic x-ray scatter (RIXS) experiments where highest possible resolutions are required, there

exists a veritable library of analyzers with suitably high Bragg angles for energies greater than ~4
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keV. Furthermore, the small crystal size requirement can be alleviated by tiling multiple SBCAs
to increase solid angle capture.

A modified version of this geometry was proposed and constructed by Johansson in 1933.* In
this design the crystal is bent to twice the radius of the Rowland circle, as it is for the Johann
geometry. The surface of the analyzer, however, is then ground such that each point is exactly on
circle, see Figure 2.2b. As such the entire analyzer surface responds to the same Bragg angle,
thus recovering exact focusing and removing the Johann error. Historically, Johansson’s scheme
has been less prevalent than Johann’s due to the difficulty in maintain a pristine surface upon
grinding. With present technology this is a much less salient problem and the Johansson
geometry has become more common, especially in lower energy applications (> 4 keV) where
crystals with working Bragg angles close to backscatter are rare. They are also employed in

combined imaging and spectroscopic applications in laser shock studies.

223 LAUE GEOMETRIES

For very high x-ray energies (< 15-20 keV) where penetration lengths into crystals are large,
Bragg reflection near backscatter with curved optics has low efficiency and large broadening. In
this regime focusing is instead more easily achieved via Laue-type (transmission) geometries. In
contrast to the Bragg geometries in Section 2.2.2, the diffraction here occurs along crystal planes
perpendicular to the surface. Because the x-rays must transmit entirely through the analyzer
crystal this technique is rarely employed at lower energies.

The quintessential focusing Laue design is the DuMond™® spectrometer shown in Figure 2.3.

The source, which is ideally very narrow in the in-plane direction, is placed on circle. In contrast
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Figure 2.3. A DuMond-type focusing-Laue spectrometer. Radiation from the point source (s) is

diffracted by transmission through the bent crystal. The rays diverge after diffraction creating an
on-circle virtual image at 1’, the position of which is characteristic of x-ray energy. An extended

detector captures the diffracted rays behind the Rowland circle.

to Bragg geometries the optic is oriented such that its center, rather than surface is tangent to the
Rowland circle. The detector is placed off-circle behind the curved analyzer. Here the Laue
geometry is not point-to-point focusing as it is for the Bragg-based implementations. Instead the
crystal creates a virtual on-circle image position (r’ in Figure 2.3) from which the diffracted rays
appear to originate. As a result the detector must be large to capture the resulting monochromatic
rays. The use of an extended detector can result in high backgrounds, as discussed in Section 2.1,

and collimating Soller slits are often employed to boost the signal-to-noise ratio.
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2.3 DISPERSIVE CRYSTAL SPECTROMETERS

2.3.1 VON HAMOS GEOMETRY

The von Hamos geometry*’ is a common dispersive method utilizing Bragg crystals coupled to
position sensitive detectors. To increase efficiency the crystal is cylindrically bent which focuses
along the curvature axis while still maintaining dispersion in the perpendicular plane. This is
shown schematically in Figure 2.4. Each vertical slice of the curved analyzer corresponds to a
constant Bragg angle, which in turn reflects x-rays to a unique line on the detector face. A
spectrum is obtained by integrating counts on the detector along the focusing direction. As this is
a fixed spectrometer, the energy bandwidth is set and depends on the width of the crystals as well
its geometric position relative to the sample.

As is the case for spherically-bent analyzers in discussed in Section 2.2, several von Hamos
optics can be tiled to increase the solid angle. Exact considerations for crystal size depend on
required energy bandwidth, solid angle collection, and resolution and as such are experiment
specific. The same is true of curvature; tighter curvature leads to increased efficiency, but at the
cost of energy resolution and vice-versa. As for all Bragg-type analyzers, best energy resolution
is obtained by working close to backscatter.

In applications where efficiency is prized over resolution the optic can be made from a mosaic
crystal such as highly-oriented or highly-annealed pyrolytic graphite.>* > Mosaic crystals are
composed of a large number of small crystallites whose orientation randomly deviated from
parallelness by a small amount. The mosaicity effectively broadens the optic rocking curve

leading to higher integrated reflectivity.
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Cylindrically
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Figure 2.4. A von Hamos-type dispersive spectrometer. The curved optic is focusing along the
cylindrical axis (vertical) and dispersive in the perpendicular plan. The reflected x-ray energy is
therefore a function of horizontal position on the detector. Figure reproduced from J. C. Dousse
and J. Hoszowska, in High Resolution XAS/XES. Analyzing Electronic Structures of Catalysts,

edited by J. Sa (CRC Press, Boca Raton, 2015).5

2.3.2 OFF-CIRCLE BRAGG GEOMETRY

The Rowland circle geometry discussed in Section 2.2.1 can be made dispersive by working
off circle. In this case, the spectrometer is operated in a non-scanning mode. By moving the
diverging point-source inside the circle, as shown in Figure 2.5, each ray striking the analyzer
appears to originate from a unique on-circle virtual source point. Each “virtual source point” is

refocused
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Figure 2.5. An off-circle Rowland geometry. Here the diverging point source (s) is moved inside
the Rowland circle which creates an arc of virtual source locations on circle. Each of these
virtual sources corresponds to a unique Bragg angle (energy) in the typical Rowland circle

scheme. The refocused x-ray energy is therefore a function of lateral detector position.

according to the usual geometry discussed in Section 2.2.1. Since each corresponds to a different

Bragg angle, x-ray energy becomes a function of lateral position on the detector face.

233 DISPERSIVE LAUE GEOMETRY

As is the case for the focusing Laue spectrometer, dispersive Laue methods are ideal for high
x-ray energies (< 15-20 keV) where Bragg optics fail. The dispersive geometry, shown in Figure
2.6, was first achieved by Yvette Cauchois in 1932 and the geometry bears her name.”” It is
nearly identical to the DuMond design (see Section 2.2.3), but with the source and detector

flipped. It should be noted that Cauchois proposed her geometry two years prior to DuMond.>
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Figure 2.6. A Cauchois-type dispersive-Laue spectrometer. An extended source illuminates the
curved optic from many angles of incidence, causing multiple energies to be focused

simultaneously. X-ray energy is then a function of lateral position on a position-sensitive

detector.

Here an extended source, such as a line focused source with the long direction in the Rowland
plane, is positioned behind the Rowland circle. The curved crystal is illuminated from many
angles, causing a wide range of energies to be focused on-circle simultaneously. A position-
sensitive detector is then used to map spectrum energy. As with the von Hamos spectrometer, see
Section 2.3.1, this is a line focusing geometry with dispersion in-plane. The focusing is inexact,

suffering from the same aberrations as the Johann Bragg geometry (see Section 2.2.2).
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2.4  SYNCHROTRON IMPLEMENTATIONS

X-ray beams generated from synchrotron radiation have very high initial collimation compared
to conventional tube sources. As such, rapid energy tunability of the incident beam can be easily

achieved via double flat-crystal monochromators.”® >

For experiments requiring
monochromatization after scattering from the sample, such as x-ray emission and inelastic x-ray
scattering spectroscopies, the curved geometries discussed above are often required. The

remainder of this section reviews several synchrotron-based implementations of such

spectrometers.

2.4.1 MULTI-ANALYZER ROWLAND SPECTROMETERS

The first synchrotron-based Johann-type Rowland spectrometer using an SBCA was built at
the National Synchrotron Light Source in 1992.°° Since then they have become increasingly
common in synchrotron applications with several dedicated instruments now existing with
multiple crystal analyzers.'® 6> These multi-element systems are designed to increased solid
angle collection for improved counting statistics and/or to simultaneous capture a range of
momentum transfers for inelastic x-ray scattering studies.

As a representative example, | present a seven-crystal Johann spectrometer installed at the
Stanford Synchrotron Radiation Lightsource.®* Each analyzer exists on separate Rowland circles
which are designed to overlap along the sample-detector axis as shown in Figure 2.7. All of the
optics are mounted onto a common, translatable plate as well as their own linear stages. This
motion is required to keep the circles overlapping when scanning Bragg angle. Here a single

detector is used to record the analyzed signal from all crystals. In some applications it is
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detector

Figure 2.7. A seven-crystal Johann crystal spectrometer. Reproduced from D. Sokaras, T. C.
Weng, D. Nordlund, R. Alonso-Mori, P. Velikov, D. Wenger, A. Garachtchenko, M. George, V.
Borzenets, B. Johnson, T. Rabedeau and U. Bergmann, Review of Scientific Instruments 84 (5),

8 (2013).%4

advantageous to separate the contribution from each crystal with either a positon sensitive or
multiple detectors. In such cases the detector is backed off the intersection point.

The seven crystals combine to capture 0.45% of 4n steradian over a Bragg angle range of 74-
88°. While the exact resolving power depends on the type of optic (conventional vs. diced),
E/AE is typically on the order of 10*. It has been found that resolution can be improved up to
20% by masking the outer edges of each optic, where the Johann error becomes more severe.> >3

These characteristics provide excellent capability for a wide range of emission-based

measurements. For example, the spectrometer can be held at a single energy where the narrow
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bandwidth is ideal for high energy resolution fluorescence detection (HERFD) measurements. Or
they can be used in a scanning mode such as is suitable in XES and RIXS. In either case the

increased collection solid angle enables studies on dilute species or complex in situ samples.

2.4.2 A MINIATURE VON HAMOS SPECTROMETER

While Johann-type spectrometers in point-to-point focusing geometries are the most commonly
employed at synchrotron light sources, growing interest in time-resolved or single-shot studies at
synchrotron and x-ray free electron laser (XFEL) facilities has led to the development of a
number of dispersive instruments.’*% Among the most popular are systems in the von Hamos
geometry (see Section 2.3.1). In contrast to Johann-type spectrometers, which have working
distances of ~Im or greater, these instruments can provide high resolution at much shorter
working distances.

The most successful of these instruments is that of J. Hoszowska and collaborators at the
University of Fribourg.®® This spectrometer has been used in numerous studies with both
synchrotron and laboratory sources. I will discuss this system in detail in Section 2.5.1. The
collection efficiency of this design has been upgraded in recent years with the inclusion of strip-
line crystals.®

Other examples of the von Hamos geometry include the miniature x-ray emission
spectrometers (miniXES) developed at the University of Washington.”® 7! In place of the single
cylindrically bent crystal in the classic von Hamos geometry, these instruments utilize a series of
small crystals as shown in Figure 2.8. When tiled together, they approximate the cylindrical
surface. In this geometry each single crystal approximately satisfies its own Rowland circle, with
dispersion shown in Figure 2.8a. Typical source-to-crystal distances are on the order of only ~50

mm. A 2-D position sensitive detector is placed off circle such that the analyzed signal from each
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Figure 2.8. Geometrical ray tracing for a segmented von Hamos spectrometer. (a) Side view: of a
single flat crystal; (b) Front view: tracing from all the analyzer crystals. Here the source-to-
analyzer rays have been omitted for clarity. Reproduced from B. A. Mattern, G. T. Seidler, M.
Haave, J. 1. Pacold, R. A. Gordon, J. Planillo, J. Quintana and B. Rusthoven, Review of

Scientific Instruments 83 (2), 023901 (2012).7°

crystal illuminates a unique area (see Figure 2.8b). As with all dispersive geometries, energy
becomes of function of position on the detector face. The energy conversion is determined
practically by measuring a series of elastic scatter lines are measured across the instrument

bandwidth.

2.5 LABORATORY IMPLEMENTATIONS

Laboratory-based instruments experienced their zenith in the earliest days of XAFS.”>7¢ When
synchrotron light houses emerged in the mid 1970’s to early 1980’s, however, they fell largely

out of favor due to the inferior brilliance and tunability of x-ray tubes and, nontrivially, due to
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the difficulty of acquiring high-quality optics and detector limitations in rejecting background
and harmonics. Nonetheless, a small number of dedicated systems continued to be developed
over the past thirty years.””*> As the supporting components, particularly crystal optics, solid-
state energy dispersive detectors, and micro-focused tube sources, have continued to improve,
the gap between laboratory and synchrotron is no longer quite so striking. The remainder of this
section looks at several representative laboratory-based spectrometers from the past several

decades.

25.1 A CONVENTIONAL VON HAMOS SPECTROMETER

In 1996, the Hoszowska group at the University of Fribourg developed a versatile von Hamos-
type spectrometer (see Figure 2.9).% Free adjustment of the source-to-crystal and crystal-to-
detector distances (being careful to keep the two equal) results in a tunable energy bandwidth
adaptable for a broad range of studies. The curved cylindrical crystal and CCD detector sit on
high-precision linear stages. The spectrometer covers a geometric range of 24.4-61.1°
corresponding to 1.32-16.8 keV for a set of five crystals. Each of these crystals is cylindrically
bent to a radius of 25.4 cm. To achieve useful counting rates at lower energies, the sample,
crystal and detector are contained within a vacuum chamber. As a shared instrument between the
University of Fribourg and the Paul Scherrer Institute, the intended excitation source is either a
standard x-ray tube (photoionization) or charged particle beam (particle impact). It has also seen
extensive use at synchrotron facilities.

The major limiting factor in instrument resolution is the extended source size. This can be
partially recovered by restricting the emission via slits. The slits here are adjustable between

0.05-0.50 mm, allowing for some tuning in the resolution, with obvious trade-offs in counting
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Figure 2.9. Rendering of a von Hamos x-ray crystal spectrometer: 1) cylindrically bent crystal, 2)
position-sensitive CCD detector, 3) target barrel, 4) x-ray tube source, 5) beam ports and 6)
vacuum pump. Reproduced from J. Hoszowska, J. C. Dousse, J. Kern and C. Rheme, Nuclear
Instruments & Methods in Physics Research Section a-Accelerators Spectrometers Detectors and

Associated Equipment 376 (1), 129-138 (1996).%°

rate. Cu Ko XES was measured to evaluate instrumental resolution, yielding a range of 3.0-6.7
eV at 8048 eV emission energy.

While primarily developed to study x-ray emission, this spectrometer can also be used in
XANES measurements. In this case a broad source, such as an x-ray tube, directly illuminates
the crystal. As the von Hamos geometry is dispersive, sample inhomogeneity becomes a major

source of systematic error.

2.5.2 A NOVEL VON HAMOS SPECTROMETER

More recently, a group from the Technical University of Berlin presented a laboratory

spectrometer based on a novel application of the von Hamos geometry.®® In contrast to the
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Figure 2.10. (Top) the classical von Hamos geometry in which the position sensitive detector is
oriented along the cylindrical axis of the bent optic. (Bottom) A novel, full-cylinder geometry
which places the detector face perpendicular to the crystal bend axis. Reproduced from L.
Anklamm, C. Schlesiger, W. Malzer, D. Grotzsch, M. Neitzel and B. Kanngiesser, Review of

Scientific Instruments 85 (5), 053110 (2014).%

classical design (see Section 2.3.1), here the position sensitive detector is oriented perpendicular
to the bend axis of the cylindrical crystal optic. This adjustment causes a mapping of circles of
constant x-ray energy on the detector face as shown in Figure 2.10. The major result of this
geometry is that for certain placements of the detector relative to the source and optic, the radius
of each circle will be unique to a single energy, allowing for resolution of the full energy
bandwidth.

The advantage of this design is its compatibility large (i.e., full cylinder) dispersive optics, with

obvious gains to captured solid angle. As perfect crystals experience larges strains when bent to
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such a degree, this application utilizes highly annealed pyrolytic graphite (HAPG) sheets. HAPG

is a mosaic crystal composed of small, perfect crystallites and thus is much more flexible to tight
bends than single, perfect crystals such as Ge and Si. Additionally, the mosaicity results in
improved integral reflectivity (albeit at a small cost to energy resolution). Using a 30 mm HAPG
crystal bent to 150 mm radius of curvature, the researchers were able to capture on the order of 1
mst.

The exact details of the spectrometer are as follows. The radiation source is a commercial, 100-
W micro-focus (~50 um) x-ray tube. As this instrument is used for XES studies the tube output is
refocused onto the sample using a polycapillary full-lens. More details on polycapillary optics
can be found in Chapter 8. The HAPG optic and CCD detector are placed in a vacuum chamber
allowing operations at low energies. The energy range is adjustable from 2.5-15 keV. The
resolving power, as estimate by the FWHM of Cu Ka emission, was determined to be E/AE =

2000 at 8 keV.

253 A DUMOND-TYPE LAUE SPECTROMETER

Also coming out of the University of Fribourg is a focusing crystal spectrometer based on the
DuMond geometry discussed in Section 2.2.3.%” This instrument, shown schematically in Figure
2.11, was developed for x-ray emission spectra above 10 keV. In this so-called “modified”
DuMond geometry, a narrow slit (extended in the out-of-plane direction) is placed directly on
circle with the target moved behind. With the slit on-circle resolution can be tuned by adjusting
width as was the case for the von Hamos spectrometer in Section 2.5.1. Furthermore, this
procedure prevents systematic changes in spectral line shape due to thermal deformation of the

target.
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Figure 2.11. Side view of the modified-DuMond crystal spectrometer. The key components are:

(1) target, (2) slit, (3) crystal, (4) optical laser interferometer, (5) Soller slit-collimator, (6)
detector. A full description of all numbered parts can be found in the cited text. Reproduced from
M. Szlachetko, M. Berset, J. C. Dousse, J. Hoszowska and J. Szlachetko, Review of Scientific

Instruments 84 (9), 093104 (2013).%37

As the source/target is held stationary the crystal and detector sit on 6 and 206 stages
respectively to keep the components on the Rowland circle. Additionally the slit-to-crystal
distance is motorized to keep on the focal circle. The Bragg angle is measured via optical laser
interferometry with precision of several milli-arcsec. Quartz, silicon, or germanium single
crystals are elastically deformed using a custom bending device. The resultant cylindrical bend is
typically 315 cm in radius. A scintillation detector is equipped with collimating Soller slits to
block the direct beam at small Bragg angles.

As before, instrumental resolution is determined primarily by the slit size and precision of
crystal curvature. For a slit width of 0.10 mm a resolution of 2.8 eV was obtained for Mo Kai
emission (17.48 keV), which is well below the intrinsically core-hole limited resolution of 4.52

eV. At higher energies the bandwidth goes as E?, increasing to 17.1 eV at Gd Ko (42.99 keV).
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As is the case with most focusing spectrometers, this instrument offers exceptional signal-to-
background. As a fine test of performance the investigators measure the nominally dipole-
forbidden Kas peak in Gd. Despite falling on the tail of the Koz line, which is more intense by
~10%, they were able to clearly resolve the feature with an energy consistent with theory and

previous experiment.

2.54 A DISPERSIVE LAUE EXAFS SPECTROMETER

For x-ray absorption measurements, it is possible to circumvent the issue of sample
inhomogeneity discussed in Section 2.3.1 by instead dispersing via transmission through the
crystal optic. An example of this method is shown in Figure 2.12.%° Here Bragg diffraction
occurs on lattice planes perpendicular to a thin crystal, causing the beam to refocus at a spot
symmetrically opposite the point source.?> ¥ As the crystal is flat, each location corresponds to a
different Bragg angle and therefore energy. The sample is placed at this convergence point
ensuring that the same volume is probed regardless of incident energy. After transmission
through the sample each ray diverges until hitting the face of a position sensitive detector. This
location is uniquely determined by the diffraction angle and is therefore a function of x-ray
energy.

The bandwidth of dispersed energies is tuned by varying the relative geometry between source
and crystal. Note that both must be rotated in order to steer the diffracted radiation back onto the
detector. The initial divergence is controlled by both Soller and horizontal slits. The detector sits
on a linear translation stage allowing for tradeoff between solid-angle and resolution depending
on the application.

While the spectrometer resolution (4.6 eV at 8980 eV) is too poor to resolve features in the

XANES region, it performs well for EXAFS where the features are broad. The investigators
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Figure 2.12. A transmission-mode laboratory EXAFS spectrometer based on a dispersive-Laue
geometry. The x-ray source (S) illuminates a thin crystal which diffracts only a controlled range
of x-ray energies. The diffracted beams refocus at the sample location before dispersing onto the
position sensitive proportional detector (PSPD). Reproduced from P. Lecante, J. Jaud, A.

Mosset, J. Galy and A. Burian, Review of Scientific Instruments 65 (4), 845-849 (1994).%°

found excellent agreement with synchrotron data for a number of concentrated Cu and Zr
samples, albeit at measurements times of ~24 hours. It was found that the limited flux of the x-
ray tube necessitated that samples be kept to near a single penetration length to optimize signal.
This constraint is not unique and is common to many laboratory-based x-ray absorption

spectrometers.
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Chapter 3. VALENCE-TO-CORE X-RAY EMISSION
SPECTROSCOPY

In this chapter, I expound upon the subject of valence-to-core (VTC) emission spectroscopy
discussed briefly in Section 1.4.3. I begin in Section 3.1 with an overview of the origins of
various lines composing the VTC region and describe their chemical sensitivities. In Section 3.2,
I present recent, representative studies in which VTC-XES was successfully employed to resolve
lingering chemical questions. In Section 3.3, I detail the underlying theory of VTC emission and

outline various computational models.

3.1 BACKGROUND

While valence-to-core (VTC) are the weakest of all emission lines, they are also the most
sensitive to local chemical environment. VTC fluorescence arises from transitions from filled
electronic states a few eV below the Fermi level to vacant core-levels (see Figure 1.2), thus
providing a direct probe of valence electronic structure. In contrast to other analytical chemical
methods (e.g., x-ray photoemission spectroscopy, nuclear magnetic resonance, Raman
spectroscopy, etc.) hard x-ray VTC-XES is effective in complex sample environments and
systems lacking long-range order or simple unit cells. In particular, VTC-XES is prized for its
ability to interrogate ligands. In no small part due to these advantages, VTC-XES has in recent
years received considerable attention as regards ligand chemistry in catalysis, bioscience, and
environmental science (see Section 3.2).

The exact lines constituting VTC emission depend strongly on the species of the interrogated
atom. In principle, an atom can have multiple classes of VTC emission corresponding to the

subshell of the intermediate core-hole (K, L, etc.). For consistency and brevity, I will discuss
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Figure 3.1. Fe K-shell valence-to-core emission in Fe3Os. The three major valence features are:
K25 (ligand and metal p character to metal 1s), KB" (ligand s to metal 1s) and KL (multi-
excitation). These peaks typically sit atop the high-energy tail of the main K13 line (dashed-

gray line).

only the most energetic VIC lines (i.e., valence to 1s transitions) of 3d-transition metal
complexes. Details and applications on other systems, such as lanthanides, can be found
elsewhere 39

The main features of the VTC region are summarized in Figure 3.1. The strongest valence line
is the K25 which originates from valence orbitals with metal 4p character. There is also
contribution from the dipole forbidden (in the centro-symmetric case) 3d-1s transitions,? the
intensity of which scales with Z.>* The location of the KP.s peak changes with electronic
screening and is therefore highly correlated to metal-oxidation state. At lower energies is the

KB", or cross-over peak, which is absent in pure metal samples. This feature is commonly

contributed to transitions from ligand s orbitals;>” however, recent results suggest it is instead
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due to metal np — metal 1s transitions where the metal valence orbitals mix strongly with ligand
2s states.”” In either case, the energy of emission depends on the ligand 2s binding energy®> *°
which makes it an excellent fingerprint for ligand speciation and environment.! 33-37 In
particular the KB" is better at distinguishing ligands than EXAFS (see Chapter 1). Additionally,
the integrated KB” intensity relative to KP varies exponentially with metal-ligand distance
yielding bond lengths accurate to within 0.1 A 3132 38,40

Above the Fermi level is the so-called KLP peak. This nomenclature arises from the
assignment to a multi-electron excitation which can occur when the incident x-ray energy is
above the K + L-edge binding energies.”> *® The exact mechanism for this type of event is not
well understood especially as regards the timing of the hole creation (i.e., double photoionization

vs. single ionization and subsequent shake effects). In some systems there are additional

multiple-excitation features above the Fermi level corresponding to [1s2p], [1s3p], [1s3d], etc.””

98

3.2  RECENT APPLICATIONS

3.2.1 CATALYSIS

Catalysis is a broad chemical subject applicable to fields ranging from industrial to biological
processes. In each of these applications, a keen understanding of the changing electronic
landscape surrounding active reaction sites is of utmost importance. A number of analytic
techniques are commonly employed in catalytic systems aimed at probing the geometric and
valence electronic structure of active sites.””'% Among these, VTC-XES is emerging as an
effective tool due to its ability to probe ligand species and its hard x-ray compatibility with in

situ and operando conditions. Notably the ability of the KB"” feature to distinguish ligand
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Figure 3.2. Valence-to-core emission of a Cr nanocrystal synthesized electrochemically from a
solution containing formic acid additives (solid line). Shown is a fit (dotted line) from a linear
combination of Cr metal and Cr3C; reference standards (dashed lines). Reproduced from V. A.

Safonov, et al., Journal of Physical Chemistry B 110 (46), 23192-23196 (2006).>*

species, ionization and protonation state and to do so element-specifically has proven to be of
major benefit.2® 3335, 106-110

The first application of VTC-XES to a working (non-model) system concerned identifying Cr-
bonding resulting in electrodeposited coatings.** Such coatings are common in manufacturing as
a means to improve hardness and corrosion-resistance. Here V. Safonov, ef al. investigated the
composition of Cr deposits synthesized using organic additives (formic and oxalic acid). By
utilizing a simple linear combination fit of the experimental data to several reference standards

(see Figure 3.2) the investigators were able to determine the existence of Cr-Cr and and Cr-C
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bonding with Cr-N and Cr-O being noticeably absent. These results helped shape understanding

of the chemical processes driving deposition.

As a biological example, VTC-XES has famously been used to the study of oxygen or nitrogen
ligation in the MnsCa cluster of Photosystem II (PS-II). This protein, which is critical to
photosynthesis, has been extensively studied via a number of optical and x-ray spectroscopies
aimed at understanding metal-ligand interactions.?!> 2% 3% 111-115 [y 2010, VTC-XES joined this
long list of analytical tools as a means to directly probe the ligand chemistry.!'® Here Y. Pushkar,
et al. examined the oxo bridging ligands of the Mn4Ca complex which catalyzes water-oxidation.
The important chemistry in this reaction hinges on the ligand O bonding with respect to the Mn
metal-center. In particular bridging oxo groups have been suggested to be a mechanism for the
formation of O-O during the oxidation reaction.'!’

As demonstrated above, this information can be accessed via KB" emission. The weak intensity
of VTC and the low Mn concentration in PS-II, however, makes this a difficult experiment in
practice and was only achievable using high-brilliance synchrotron radiation coupled with a 14-
analyzer spectrometer to increase solid angle capture (see Section 2.4.1). The results, shown in
Figure 3.3, compare the PS-II protein to a number of oxo-bridged Mn-coordinated complexes.
The relative sharpness and intensity of the PS-II KB” as compared to the other samples is

suggestive of several oxo bridged Mn-O in the S; state.



6510

6515 6520 6525
X-ray Energy / eV

Bl Mn-ligand
P distances (A)
o) a mnY
- 10 155
= Mn 4N 1.88-1.90
/N
O by 40
<l #9s 40° 1.80-1.83
Mn ~ > Mn '
< 0 e 20" 1.89

6N' 1.99-2.04

c anlll. v
40° 1.78-1.86
8N' 2.02-2.23

d Mn||IMn3|V
~ 120° 1.88-2.09
120' 1.88-2.01

120° 1.88-2.12
120' 1.90-2.04

o © f Mn,"
<. \|/ 40° 202-2.10
- Mn Mn t
[ Sy 10" 225

PS I
S4 State

6N' 2.13-248

39

Figure 3.3. Mn K" emission from the PS-II protein in the S; state (bottom curve) compared to

that of: a) Mn" oxo; b) di-p-oxo bridged Mnx™™!V; ¢) di-p-oxo bridged Mn,!V; d) cubane-type

Mn,""™Mn,"; e) cubane-type Mn'"Mn;3'V; f) p-alkoxide bridged Mn,". Reproduced from Y.

Pushkar, et al., Angewandte Chemie-International Edition 49 (4), 800-803 (2010).!¢
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322 ENVIRONMENTAL SCIENCE

Soil and water contamination is a subject of high environmental and social concern especially
in urban areas where close proximity raises serious potential health hazards to a large population.
Anthropogenic contaminants, arising largely from industrial and agricultural activities, are
typically based in transition- and heavy-metal compounds. Investigation and remediation of soil
hinges on identifying not just the presence, but the chemical state of these metal complexes in
order to understand solubility and mobility. As the KB" peak is strongly indexed to transition-
metal coordination chemistry, VTC-XES is a prime candidate for addressing these questions.

As an example, we can consider Cr toxicity. Naturally occurring Cr exists primarily in the
trivalent (Cr(III)) state and is safe and essential to human life. Hexavalent (Cr(VI)) compounds,
however, are predominantly anthropogenic and highly toxic.!'®!?° The ability to discern Cr
valency, of which VTC-XES is uniquely suited to probe, is therefore of paramount importance to
public safety.

In a 2008 study, S. Eeckhout, et al. used KB-VTC to examine Cr chemistry in a soil sample
from Torino, Italy.’” The elevated presence of Cr in the local environment was previously
determined and had been attributed to sedimentary deposit from local rivers (Torino itself being
located on an alluvial plain) based on geographical distributions.'?!!?* Cr from this type of
natural origin was suggested to be from serpentine minerals and chromite clay, both of which
have Cr-O bonds.

To test this theory, S. Eeckhout, ef al. carefully measured Cr VTC on a representative Torino
soil sample and compared it to several reference materials. The results, reproduced in Figure 3.4,
demonstrate that the VTC, in particular the KB" cross-over peak, is inconsistent with Cr-O

association. Instead the results are indicative of Cr bonding with P and/or C, with perhaps some
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Figure 3.4. Cr valence-to-core emission for: (A) a Torino soil sample; (B) CrP; (C) Cr203; (D)
Cr3Cz; (E) Cr metal; (F) FeCr204; and (G) KoCr207. The location of the KB" cross-over peak in
the soil sample is inconsistent with Cr-O bonding and instead suggests the Cr in soil is associated
with Cr, P, and/or C. Reproduced from S. G. Eeckhout, et al., Journal of Analytical Atomic

Spectrometry 24 (2), 215-223 (2009).37
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contribution from pure metallic Cr. While this type of Cr chemistry is very unusual in nature, it
is consistent with the local steel production in which C and P compounds are common. It is

therefore suggestive that the Cr is due to human rather than natural activities.

3.3 THEORY

X-ray emission is an inherently many-body problem of coupling between a photon and a
system of electrons. The effect of these interactions can be described via quantum mechanical
perturbation theory. As emission follows the creation of a deep core-hole, the intermediate states
are of intrinsic importance and the perturbation must be carried out to second order. This term,
designated the Kramers-Heisenberg formula, gives the emission intensity [ as:

2

1@, w) & 3, |8 LTI o 58 4 ha — B, — ko) 3.1)

Eg—En+hQ—ilp

where Af is the energy of the incident photon, Aw is the energy of the emitted photon, |g), |n)
and |f) are the ground, intermediate and final states respectively with energies Eg, E, and Ef, T
is the relevant transition operator (T; =T, for photoexcitation) and [, is the core-hole
broadening of the intermediate state. The delta function ensures conservation of energy. The full
derivation of this term, which originates from the vector potential of the quantized
electromagnetic field, can be found in any number of advanced quantum mechanics
textbooks. 124126

For practical purposes, equation (3.1) is simplified by several key approximations. First, to
accommodate for the finite lifetime broadening of the final state, the delta function is replaced by

a Lorentzian with full width at half maximum equal to I:

Ff/ZTL’
2
(Eg+hQ—Ef—hw) +T%/4

§(E; + Q) — Ef — w) > (3.2)
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Secondly, in the case of non-resonant XES where the photoelectron does not interact with the
resulting ion, its wavefunction can be treated independently. The intermediate and final states

then become:

In) = |pe)n’), Ep=Ey +e 3.3)
IfY = |pf"), Ef=Eq+e (3.4)
where |¢,) is the wavefunction of the photoelectron with energy &, and |n') and |f’) are
respectively the intermediate and final states of the ion.
Substituting these approximations into equation (3.1) and integrating over the photoelectron
density of states yields:

<f'|T2|n'><n'|ac|g> ?

Eg—E,1—hw—ilp!

1(Q, ) < X | Ty X L(Ty, Ty) (3.5)

where a. is the annihilation operator of the core electron and L(Fn, Ff) is a Lorentzian
convolution of intermediate and final state core-hole lifetimes.!?” The key result here is that
equation (3.5) has removed all dependence of the spectral shape on the incident photon energy (.
This approximation holds so long as the same intermediate states are achieved.* '?’

The application of equation (3.5) requires knowledge of the ground, intermediate and final
wavefunctions in order to evaluate the transition matrix elements. The different theoretical
approaches to modeling XES are therefore distinguished according to their method for
calculating these states. These methods fall predominantly into two categories: ligand field
multiplet theory (LMFT) and density functional theory (DFT). In simplest terms, the former is a

semi-empirical, many-body atomic picture and the latter an ab initio, single-particle extended

approach.
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I will not discuss LMFT here other than to say that while it yields excellent results for core-to-
core spectra, it is typically more problematic for VTC where the absence of a deep core-hole in
the final state diminishes the importance of multiplet splitting. In these instances, DFT-based
approaches have proven to be much more highly effective. More comprehensive reviews of
LMFT can be found elsewhere.!?% 12°

In DFT, electronic structure is cast in terms of the ground state electronic charge density, p(r).
This method has a long history in condensed matter, the first such model being introduced in
1927 by Thomas and Fermi."*® 13! Modern DFT can trace its roots to the framework established
by the two Hohenberg-Kohn theorems; the first stating that all ground state properties are
uniquely determined by p(r) and the second demonstrating that the ground state energy
expressed as a functional of p(r) is minimized by the physically true ground state density.!3? In

this formalism the total energy, E, of the absorbing atom is expressed as:

Elp@)] = Tlpm)] + [ Vere Mp@dr + 5 [EEEL Prd®r + Ee o] (3.6)
This expression can be considered in parts. The first term, T[p(r)], is the kinetic energy of a
non-interacting electron system. Next is the potential energy originating from nuclear-electron
attraction and nuclei-pair repulsion, V,,. (7). Third is the so-called “classical” term which is the
electron-electron potential absent any exchange or correlation effects. Lastly is the exchange-
correlation term, E,..[p(r)], which simply put contains the remaining physics not captured by the
previous terms. As the exchange-correlation term does not have a neat, closed form it is the main
source of error in computation and is a topic of continuing research. The accuracy of DFT-based
calculations all hinge on how well this term is modeled with different approximations forming

the major distinction between various methods as will be discussed below.

Minimizing the functional in equation (3.6) leads to the Kohn-Sham equations:
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1
(_EVZ + VKS) d)l' = gi¢i (37)
! ! aExc
) = o) on

which are noninteracting, single-particle Schrodinger equations in a potential Vig. It should be
noted that the Kohn-Sham orbitals, ¢;, are not wavefunctions of the true system. They are meant
only to serve as a reference-model which combine to form the correct ground state density:
p(r) = Xil¢il? (3.9)

It is important to note that the equivalence to the true, interacting system is often only in the
region outside the ion-cores, especially when pseudo-potentials are employed. Once p(r) is
calculated the true ground state wavefunctions can be determined according to the first
Hohenberg-Kohn theorem.

In addition to modeling of the exchange-correlation term, DFT methods can be further
distinguished by their method of solving the Kohn-Sham equations. This can be done via a real
space method over a cluster of atoms surrounding the absorbing site or in reciprocal space using
periodic boundary conditions. Presently there exist a number of DFT-based electronic structure
codes including: Quantum ESPRESSO,'** GPAW,"** ABINIT,"*>37 VASP!*® (projector
augmented wave); WIENK2K!* 40 (full-potential augmented plane waves); FEFF9,'4!: 142
FDMNES!*®, MXAN!* 145 (multiple scattering); ORCA!*® and NWChem'* (time-dependent

DFT).
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Chapter 4. ALABORATORY-BASED HARD X-RAY

MONOCHROMATOR FOR HIGH-RESOLUTION X-RAY
EMISSION SPECTROSCOPY AND X-RAY ABSORPTION
NEAR EDGE STRUCTURE

Originally published as: G. T. Seidler, D. R. Mortensen, A. J. Remesnik, J. I. Pacold, N. A. Ball,

N. Barry, M. Styczinski and O. R. Hoidn, Review of Scientific Instruments 85 (11), 12 (2014).

We report the development of a laboratory-based Rowland-circle monochromator
that incorporates a low power x-ray (bremsstrahlung) tube source, a spherically-bent
crystal analyzer (SBCA), and an energy-resolving solid-state detector. This relatively
inexpensive, introductory level instrument achieves 1-eV energy resolution for photon
energies of ~5 keV to ~10 keV while also demonstrating a net efficiency previously seen
only in laboratory monochromators having much coarser energy resolution. Despite the
use of only a compact, air-cooled 10 W x-ray tube, we find count rates for nonresonant
x-ray emission spectroscopy (XES) comparable to those achieved at monochromatized
spectroscopy beamlines at synchrotron light sources. For x-ray absorption near edge
structure (XANES), the monochromatized flux is small (due to the use of a low-powered
x-ray generator) but still useful for routine transmission-mode studies of concentrated
samples. These results indicate that upgrading to a standard commercial high-power
line-focused x-ray tube or rotating anode x-ray generator would result in
monochromatized fluxes of order 10° — 10" photons/s with no loss in energy resolution.
This work establishes core technical capabilities for a rejuvenation of laboratory-based

hard x-ray spectroscopies that could have special relevance for contemporary research
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on catalytic or electrical energy storage systems using transition-metal, lanthanide or

noble-metal active species.

4.1 INTRODUCTION

X-ray absorption fine structure (XAFS) spectroscopy'?’> 148 149

and related techniques, such as
high-resolution x-ray emission spectroscopy (XES) and non-resonant and resonant inelastic x-ray
scattering,'® 12% 127 have an established and growing importance across multiple fields of science.
Historically, these methods both helped motivate and also immensely benefitted from the
progressive development of synchrotron x-ray light sources and, most recently, x-ray free
electron lasers and table-top ultrafast x-ray sources. While the strength of the scientific case for
sources with higher brilliance and finer time resolution is undeniable, it is important to recognize
the large body of clearly meritorious, ongoing work using XAFS that does not benefit from such
extreme source characteristics. These measurements require only bulk (non-imaging) hard x-ray
XAFS that can in many cases even be performed in transmission mode, i.e., thus requiring none
of fine focus, high flux, or substantial time resolution. Foremost among these problems in
contemporary research are examples in energy sciences, including in situ characterization of

130-171 and of catalysis.!”*!°2 However, even bulk-like, transmission

electrical energy storage
mode XAFS is exclusively performed at synchrotron light sources; this is not because these
studies need the full performance of the beamlines at these facilities, but is instead because of the
absence of any alternative.

For the vast majority of other advanced materials and chemical characterization techniques
there exists a continuum of instrumentation capabilities having an inverse relationship with their

availability: those apparatus with the coarsest performance are inexpensive, widely distributed,

and quite easily available for, e.g., teaching purposes or initial sample characterization, while
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only the absolutely most advanced instruments exist as rare shared-user facilities or unique
research instruments. By contrast, and with only rare exceptions in the last 20 years, ‘routine’
hard x-ray XAFS77-82 85, 193-201 3 high-resolution XES>* 3% 6% 86.87.202 cap only be performed at
the synchrotron light sources. The nearly complete restriction of high-resolution hard x-ray
spectroscopies to major user facilities is an anomaly in current scientific practice.

The issue here is not just the adverse consequences of finite, infrequent synchrotron access on
existing XAFS and XES research programs, but also that those same limitations necessarily
exclude a large body of potentially important scientific or industrial work from even being
considered. Hence, we propose that the range of applications of XAFS and high-resolution XES
has been directly constrained by the limited, infrequent access to synchrotron x-ray facilities, by
the technical and financial barriers to implementing the more complex in situ studies that are not
easily made portable, by proprietary concerns, and also sometimes by system-specific
considerations that inhibit sample transport to the light source, e.g., inherent sample fragility,
extreme sensitivity to oxidation, or severe biological or radiological safety considerations. We
further propose that the range of applications of these methods has been indirectly constrained in
a more subtle way: the absence of any ‘introductory level” apparatus poses an immense barrier to
teaching these methods to the next generation of scientists and hence restricts the scientific
diversity of the future synchrotron user community. These observations are not new. Very
similar arguments were made in the early era of synchrotron facility development when XAFS
beamlines and laboratory-based XAFS system coexisted, when beamline oversubscription was
much less severe, and when each of the size and the scientific range of the XAFS community

was much smaller.”?
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For the above reasons, we have begun a critical reinvestigation of conventional laboratory x-
ray spectroscopies, i.e., those that do not require high beam brilliance or time resolution and that
consequently can make use of conventional laboratory x-ray generators such as x-ray sealed
tubes and rotating anode sources. Laboratory-based XAFS played an important role in the early
development of the technique’®”’® but has seen only sporadic application in the last 20 years.”’-3%
193,194, 199-201 NMore specifically, here we report on a research program aimed at developing a true
‘introductory level’ x-ray absorption near edge structure (XANES) and high-resolution XES
capability. Our goal is to develop an instrument that can be relatively inexpensively assembled
from existing, commercial low-maintenance components, that requires no special utilities for
electricity or instrument cooling, and that is straightforward to calibrate and operate. We propose
that this category of instrument will have application in problems, including electrical energy

storage,m’ 153, 160, 162, 166, 167, 203-214

where the near-edge structure contains the necessary critical
information about, e.g., oxidation state.'*® Furthermore, the flexibility to measure XANES and
XES with the same instrument may provide interesting insight through the complementary
information provided by the lowest-energy occupied states (such as pre-edge features in
XANES) and the highest-energy unoccupied states (via the valence-level contribution to XES).!
28,106, 107, 127

Our approach gains some benefit and convenience from the use of current-generation solid-
state detectors and the relatively recent development of inexpensive low-power x-ray tubes based
on nanotube field emission electron sources,?!> 2!® but we find that the largest advantage comes
from our use of spherically-bent crystal analyzers (SBCAs) that are now commercially available

but that did not exist when laboratory XAFS largely fell out of favor. We find that an SBCA-

based scanning monochromator gives quite fine energy resolution while achieving net
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monochromator efficiencies that were previously found in only the coarsest-resolution laboratory
studies of extended XAFS. With this instrument we obtain excellent XANES spectra for
concentrated samples in measurement times of several hours and, rather surprisingly, can also
obtain synchrotron-quality (bulk-averaged) nonresonant XES in nearly synchrotron-level
measurement times. These results establish groundwork for the broad dissemination of these
techniques at the desired ‘introductory’ level, but also establish important performance
milestones that can be extrapolated, in the case of XAFS, to the development of a mid-scale
facility based on a more powerful conventional source. Such a facility would allow rapid
transmission-mode XANES, and transmission-mode extended x-ray absorption fine structure
(EXAFS) on useful time scales, while also opening the possibility of high-resolution
fluorescence-mode XANES in the laboratory setting.

This manuscript continues as follows. In Section 4.2, we survey the prior work in laboratory-
based x-ray spectroscopy and, en route, motivate the expected, substantial gains that come from
the use of SBCA optics in such instruments. In Section 4.3 we present the design of the
monochromator, and its configuration when used for XES or XANES. In Section 4.4, we present
and discuss results for both of these techniques, and also provide considerations that encourage
the further development and broad application of laboratory-based, high-resolution x-ray

spectroscopies. In Section 4.5, we conclude.

4.2  PRIOR WORK IN LABORATORY-BASED X-RAY SPECTROSCOPY

4.2.1 X-RAY ABSORPTION FINE STRUCTURE

We present in Table 4.1 a summary of selected characteristics of many prior conventional

laboratory XAFS systems and of the present spectrometer. All prior systems in Table 4.1 used a
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Table 4.1. A comparison of laboratory XAFS systems using focusing analyzer optics on a
Rowland circle, listed in order of improving energy resolution. The abbreviations used for
analyzer type are: J = Johann, JS = Johansson, CBCA = cylindrically-bent crystal analyzer,
SBCA = spherically-bent crystal analyzer. The overall monochromator efficiency is captured by
the ratio of the measured flux to maximum electron beam power in the x-ray generator. Note that

the present study achieves high monochromator efficiency at fine energy resolution through the

use of SBCA optics.
Flux in Max Flux/Power Energy Mono. Analyzer
photons/s Power | (photons/ W | resolution | Crystal type
(energy in eV) | (kW) s) (eV)
Knapp, et al., ~1x 106 1.2 800 14 Ge (220) | JS,CBCA
19782V
Cohen, et al., 5x 107 12 4000 10 LiF (220) | JS,CBCA
1979218 (8980)
Georgopoulos 4 x 107 15 2700 6 Si 400 J, CBCA
and Knapp, (7000-10000)
1981.2"
Tohji, et al. 3 x10° 12 25 5-10 LiF (220) | JS,CBCA
1983.220 (8980)
Stern, et al., 5 x 10° 1.2 400 5 Si 400 J, CBCA
198076 (8980)
Yuryev, et al., 2.5 % 10° 12 20 5 Ge (311) | J,CBCA
2007.% (8980)
Yuryev, et al., 5 x 104 12 4 3 Ge (311) | J,CBCA
2007.%2 (8980)
Thulke, et al., 5 x 10% 12 4 2 Si(111) |JS,CBCA
1983.2%! (8980) Si (311)
Ge (311)
Williams, 3.7 x10° 2 190 2 Ge (333) | JS,CBCA
1982.2%2 (8980)
Present 2 x 10% 0.01 2000 1 Si (444) J, SBCA
(8000)
Present 8x 103 0.01 800 1 Ge (620) | J, SBCA
(7100)
Present 6 x 103 0.01 600 1 Ge (333) | J,SBCA
(7700)
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Rowland circle monochromator based on cylindrically-bent crystal analyzers (CBCA’s) to
implement an energy-scanning monochromator. We restrict ourselves to focusing (rather than
dispersive) spectrometers that operate in the hard energy range most relevant for energy science
applications, i.e., 5-10 keV. Note that Table 4.1 is not organized chronologically but is instead
ordered from coarsest to finest energy resolution. A strict instrument-to-instrument comparison is
made more difficult by the use of different source characteristics, by the different limitations on
source operation that followed from the various detectors used, and by the presence of a wide
range of analyzer properties such as integral reflectivity, collection solid angle, and simple
analyzer curvature (Johann) versus analyzer curvature with surface grinding (Johansson), etc.
However, a pragmatic measure of their relative demonstrated efficiencies is given by the
monochromatized flux per unit power of their respective x-ray sources, presented in the fourth
column of Table 4.1. This efficiency parameter, while imperfect, captures much of the
monochromator-to-monochromator variation while also being clearly important for future design
consideration, i.e., cost-benefit analysis.

The monochromatized flux per unit generating power in Table 4.1 is nonmonotonic but still
illustrates one important, general trend in prior work. Although the obtained energy resolutions
are always much coarser than any theoretical limit imposed by the integral reflectivity of the
analyzer materials, finer energy resolution is typically associated with greatly decreased
monochromator efficiency. This effect was well known and had been carefully explained in the
associated literature: finer energy resolution when using a CBCA requires collimation out of the
Rowland plane with consequent loss in the effective collection solid angle of the
monochromator.”> 7 The exception to the general trend toward poorer efficiency at higher

resolution, that of the study of Williams®*2, comes mostly from the use of a particularly favorable
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Johansson-style CBCA having a considerably larger collection solid angle than the optics used in
many of the other entries for prior work in Table 4.1. The present study was significantly
motivated by the observation that modern, spherically-bent crystal analyzers (SBCAs) regularly
obtain energy resolution below 1 eV while also having larger collection solid angles than the
older CBCA'’s, especially when compared to CBCA’s that have been collimated in the non-
dispersive direction to obtain fine energy resolution. This expectation is validated by the final

few entries in Table 4.1, which we will present and discuss in Section 4.4, below.

422 X-RAY EMISSION SPECTROSCOPY

The recent history of high-resolution laboratory-based x-ray emission spectroscopy (XES) is
rather different than that of XAFS. The information from XES at hard x-ray energies is more
restricted and consequently XES has not seen as explosive a growth as synchrotron facilities
have proliferated and their brilliance steadily increased. That being said, XES and related

16, 24, 66, 116, 223—226, and

techniques do provide crucial information for problems across many fields
there has been a steady presence of laboratory-based high-resolution (nonresonant) XES, often
using portable instruments that shared time at the synchrotron and in the laboratory. This has
been especially true after the development and commercial availability of CCD-based x-ray
detectors allowed the highly productive implementation of von Hamos style, wavelength
dispersive spectrometers.>* 3 6% 86.87. 202 1 ahoratory-based work using SBCAs is less common,
but includes comparative studies of x-ray emission from direct x-ray excitation as opposed to

from K-capture.'® 22
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4.3 MONOCHROMATOR DESIGN

Unlike in prior laboratory XAFs75, 77-85, 193, 196, 218, 220-222, 227-233

, as we discuss below, our x-ray
source and detector are quite compact and low weight. This suggested to us a novel
implementation of the Rowland circle geometry that avoids changing the delicate angular-
orientation of the SBCA when energy scanning. The general principles of our implementation of
the Rowland circle are shown in Figure 4.1. Energy scanning is then achieved by symmetrically
scanning the source and detector while synchronously making small adjustments to the location
of the SBCA so as to track the moving Rowland circle. Schematic representations of XES and
XANES measurements using this general approach are presented in Figure 4.2 and Figure 4.3,
respectively; they are distinguished only by changing the sample position, the x-ray tube
orientation, and the definition of what constitutes the ‘source’ in Figure 4.1. The general
mechanism and specific implementation of energy scanning is identical in both cases: our
instrument is fundamentally a monochromator.

Next, computer-aided design (CAD) renderings of the monochromator, when configured for
XES studies, are shown in Figure 4.4 and Figure 4.5; see the figure captions for an initial
discussion of the components therein. In the design of any conventional laboratory XAFS
instrument, a basic choice must be made concerning which components may, or must, be held
stationary and which components must change position or orientation to enable energy scanning.

In the common practice75’ 77, 78, 80-85, 193, 196, 218, 220-222, 227-233

of prior work for conventional
laboratory XAFS, the x-ray source was kept stationary as matter of great technical simplification:

the high-powered x-ray tubes and rotating anodes that were employed had large mass and

required high voltage cables and cooling lines that complicated their motion. This led
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Figure 4.1. Energy scanning of the laboratory x-ray monochromator by synchronized linear
motion of the source, the exit slits (and detector), and the spherically-bent crystal analyzer
(SBCA). Note the overall symmetry of the configuration and also the simple translation of the

Rowland circle.
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o'%%r Rowland circle

Figure 4.2. The general instrumental configuration for nonresonant x-ray emission spectroscopy
with the laboratory monochromator. Broad-band illumination from the x-ray tube source is
incident on the face of the idealized sample of thickness ¢. The resulting nonresonant x-ray
emission is the analyzed by the spherically-bent crystal analyzer (SBCA) and refocused at the

detector. Energy scanning is then implemented as per Figure 4.1.
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/ X-ray
R e tube
Rowland circle source

Figure 4.3. The general instrumental configuration for x-ray absorption near edge structure
(XANES) studies using the laboratory monochromator. The broadband x-ray radiation from the
x-ray tube source directly illuminates the spherically-bent crystal analyzer (SBCA) which
monochromatizes and refocuses the radiation onto the sample and the exit slits. The detector
measures the transmission through the sample. Energy scanning is then implemented as per
Figure 4.1. The energy-dependence of the incident flux is characterized by removing the sample

from the beampath and repeating the energy scan.
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Figure 4.4. Top-view rendering of the Rowland circle monochromator configured for XES
measurements. For scale, the spacing of tapped holes in the standard optical breadboard is 25.4
mm. (A): x-ray tube source, sample, manual sample positioner, motorized source-assembly
translator; (B): detector, motorized detector translator; (C): steering bars to enforce correct
orientation of the source assembly and the detector with respect to the center of the spherically-
bent crystal analyzer; (D): two-axis tilt stage, spherically bent crystal analyzer, motorized

positioner for linear motion (down the page) of the entire tilt assembly.
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Figure 4.5. Perspective-view rendering of the Rowland circle monochromator configured for
XES measurements. For scale, the spacing of tapped holes in the standard optical table is 25.4
mm. (A): x-ray tube source; (B): manual sample positioner; (C): source assembly positioner; (D)
detector; (E): detector positioner; (F): steering bars to enforce correct orientation of the source
assembly and the detector with respect to the center of the spherically-bent crystal analyzer; (G):
spherically-bent crystal analyzer mounted on a two-axis tilt stage; (H): motorized positioner for

linear motion (down the page) of the entire tilt assembly.
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to the development of the so-called ‘linear XAFS spectrometer’.”> 7 In rare cases where in situ
studies in extreme environments were needed, the detector was instead kept stationary at fixed
orientation and significant effort and engineering creativity was brought to bear on instead
scanning the other components.”

Here, on the other hand, each of the x-ray tube source and the detector weigh only a few
hundred grams; this allows a particularly convenient implementation using just three linear
motion stages after an initial tilt-alignment of the SBCA is performed, i.e., the energy scanning
model from Figure 4.1. Proper alignment of the source and detector with respect to the center of
the SBCA is ensured by the ‘steering bars’ in Figure 4.3 and Figure 4.4. These rectangular cross-
section Al-alloy bars pivot immediately at the source and detector (or exit slit) location on the
Rowland circle and also at a pin directly underneath the center of the SBCA. Long slots in the
steering bars accommodate the changing chord lengths from source or detector to the SBCA
upon energy scanning. We emphasize that this configuration is unique in that the orientation of
the SBCA in the laboratory frame does not change; all changes in Bragg angle during energy
scanning are due to motion of the linear translation stage, resulting in better than 10-prad
resolution and reproducibility in the Bragg angle of the SBCA.

For clarity of presentation, we have omitted a rendering of either our welded He flight path or
the radiation enclosure. The He flight path encompasses ~80% of the total linear travel from
source to SBCA to detector. The radiation enclosure is fabricated from lead-lined plywood and
includes safety interlock switches that are interfaced with the x-ray source controller. The total
external dimensions of the radiation enclosure are 170 cm long, 81 cm wide and 61 cm tall. The
spectrometer is in the horizontal plane, on the internal floor of the radiation enclosure. Hinged

doors on the top face of the radiation enclosure allow access for sample exchange and instrument
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maintenance. The achievable range of Bragg angles is 74 to 87 degrees and is constrained by the
internal dimensions of the radiation enclosure together with the range of motion and placements
of the linear stages under the source and detector.

For XES (see Figure 4.2), we elaborate that the idealized plane-slab sample has its surface
illuminated by the x-ray tube source and rotated by an angle @ with respect to the line-of-sight to
the center of the SBCA; this serves to decrease the apparent angular width in scattering angle
660p, thus improving energy resolution while retaining a high rate of x-ray fluorescence
generation. Photometric calculations based on this geometry are presented in Section 4.4, below.

With this overview complete, we now present details on the specific components used. While
the instrument can be readily reconfigured for different SBCA radii of curvature, it is designed
under the assumption that the most common implementation will be for SBCA having a 1-m
radius of curvature, i.e., the most commonly available optic. We have used commercial SBCAs
(NJ-XRS Tech) and also several made by colleagues at the Advanced Photon Source or in our
own lab; all have proven to be acceptable for XANES and XES in our system. To optimize
energy resolution and weaken tolerances for component alignment we operate relatively close to
backscatter, a condition that usually requires the acquisition or development of a different
analyzer for, e.g., each transition metal K-edge of interest. This is a logistical, and to some extent
financial, disadvantage compared to the older CBCA-based systems which sacrificed energy
resolution partially for the convenience of being able to use a single optic over an extremely
wide energy range. That being said, a growing variety of SBCA are being fabricated
commercially and in numerous research groups, and recent work summarizes multiple possible
crystal materials and orientations suitable for each edge or emission line of interest for the hard

x-ray regime.”** Hence the SBCA-availability bottleneck, if it even still exists, is rapidly
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disappearing. Switching between different SBCAs is not challenging: a laser diode with a weakly
diverging beam is placed at the source location and its refocused reflection from the SBCA is
used for prealignment. Once the source is replaced and activated we are able to find the optimum
SBCA tilt angles and recover the full Rowland geometry in less than one hour.

The x-ray source is a small, air-cooled tube source with an Au anode (Moxtek, Inc.). The
source spot size is ~0.4 mm x 0.4 mm and the maximum accelerating potential and electron
current are 50 kV and 0.2 mA, respectively, for a peak power of 0.01 kW. By comparison, the
tube and rotating anode x-ray generators used in past conventional laboratory XAFS systems
typically had 1 kW to as much as 20 kW total power at similar accelerating potentials.”® The tube
source used here has a transmission geometry wherein the Au film anode is deposited on the
inner wall of the thin Be vacuum window; this allows the sample to be placed a few mm away
from the anode, resulting in a surprisingly high rate of generation of core-holes and hence of
resulting x-ray emission, as we discuss in Section 4.4.

The detector is a silicon drift detector (SDD) having a 25-mm? active area and integrated signal
processing electronics (Amptek, Inc.). The energy resolution of the SDD is safely better than 200
eV, thus strongly rejecting several backgrounds including fluorescence from the instrument
shielding, stray scatter, and the analyzer harmonic content of the analyzed signal from the
SBCA. This simplifies shielding considerations and allows us to always use the highest
accelerating potential and thus highest generating power from the tube source. The signal within
a several-hundred eV band surrounding the energy region of interest for a particular study is
integrated for each data point. As shown in Section 4.4, the resulting backgrounds are safely
below the level of even valence-level XES upon K-shell excitation for 3d transition metal

species.
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Repositioning of the detector and source, as needed for energy scanning (see Figure 4.1), is
accomplished by a pair of dovetail linear stages (Velmex, Inc.) whose ~1-mm pitch lead screws
are driven by NEMA-17 stepper motors enabled by integrated controllers (Arcus Technology).
The overall approach to tilt-alignment of the SBCA closely follows our group’s prior experience
with nonresonant inelastic x-ray scattering instrumentation used at synchrotron light sources.?*
The SBCA is mounted to an aluminum plate that is supported by a rod-end bearing and is held
by springs against the micrometer tips at the vertical and horizontal tangent points of the optic.
SBCA tilt alignment is achieved by high-resolution ball-end micrometers (OptoSigma) that have
been modified for stepper motor control. The NEMA-11 stepper motors that drive the
micrometers use integrated motor controllers (Arcus Technology). The theoretical resolution of
the tilt stage is ~50 nrad per micrometer step. While the achieved accuracy is certainly not at this
level, we do find that this system easily enables reproducible, stable alignment to safely better
than the expected intrinsic rocking curve widths of ~100 prad. The tilt stage described above is
translated via a heavy-duty crossed-roller bearing linear stage (Parker Motion Control Systems)
that is driven by a NEMA-23 motor (Arcus Technologies) having, again, an integral motor
controller. Motion control and data collection are performed in the LabView environment using
RS-485 and USB communications, respectively.

In Figure 4.6, we show Ig,,ce (E), the spectral intensity of the tube source normalized per unit
energy bandwidth and sample solid angle, extrapolated to its maximum power setting. The raw
data used for this figure was measured at the lowest tube current of 0.4 HA with the detector 70

cm away to avoid saturation of the SDD. The accelerating potential was 50 kV and the spectrum
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Figure 4.6. The measured spectrum for the x-ray tube source at 50 kV accelerating potential,
scaled to the full rated current of 200 HA. Note that the various fluorescence lines are much
sharper than shown; the energy resolution of the detector is degraded in this measurement by

short shaping times to avoid saturation.

has been corrected for the energy-dependence of the SDD response and for geometric effects to
achieve the desired units of photons/(eV s sr). We estimate 40% systematic uncertainty in the
overall level of this spectrum and the relative intensity of the high-energy tail to the main ~10
keV region due to uncertainties in the SDD response function, absorption corrections, and other
experimental artifacts. The several sharp emission lines are from elemental x-ray emission from
the Au thin-film target and a few weaker Pb lines from the collimators used in this measurement.
The low-energy cut-off of the bremsstrahlung spectrum is due to the transmission geometry of

the anode.
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4.4  RESULTS AND DISCUSSION

We present below in Sections 4.4.1 and 4.4.2 results and discussion for XANES and XES
using the laboratory monochromator. In each case, we both provide representative results and
also detailed discussion of photometrics, both as further explanation of the present instrument
design and performance and also as guidelines for future improvements in this type of

laboratory-based apparatus.

4.4.1 LABORATORY XANES

For XANES, it is useful to begin with photometrics and then present and discuss the
experimental results. Unlike nonresonant XES, where a large portion of the broadband flux from
the x-ray source is useful, XANES specifically requires excitation in a narrow energy range.
Consequently, no laboratory system using a bremsstrahlung source will compete on the basis of
flux, brilliance, or any other fine technical metric with the regularly attained performance at hard
x-ray synchrotron beamlines. That being said, it is important to note that the flux needed for
high-quality XANES measurements is rather modest for the special case of transmission-mode,
nonimaging studies of a sample with suitable edge-step magnitude. By means of example,
consider the calculations presented in Figure 4.7 for the contribution of the 1s shell to the x-ray
absorption (u;5) of Co metal with a modeled thickness of 4 pm, chosen to be the same as the
commercially-available reference sample used in the measurement below. For these simulations,
we begin with a linear background subtraction from a high-quality transmission-mode study of a
Co metal foil from the XAFS Model Compounds database?*® to obtain a model for u;(E). We
then continue by simulating the transmission of the indicated average number of photons, subject

to Poisson statistics, through the sample. The resulting u;(E) for each indicated level of
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Figure 4.7. Simulated, transmission-mode p;4(E) for different numbers of incident photons per
data points (as indicated). It is assumed that the Co sample thickness ¢ for the simulation is 4 pm
so that Ay, -t ~1.2 upon crossing the absorption edge. The simulation is based on a Co metal

foil reference spectrum that was taken in transmission mode at a synchrotron light source.?*

incident average flux per data point is then recovered via Beer’s law. As explained below, for the
best coordination with present experiment we do not include Poisson statistics for a simulated
measurement of the point-by-point incident flux I,(E). The effects of the exact incident beam
spectra on the reference data or on the simulated transmission measurement have not been
included.?®” We assess that 10° incident photons per measurement point is publication-quality,
but 10° photons per point will be needed to cleanly resolve subtle pre-edge features and higher
exposures would be needed as one moves farther away from the absorption edge, into the

extended x-ray absorption fine structure (EXAFS) range.
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Figure 4.8. XANES for a Co metal foil. For the laboratory XANES data the x-ray tube settings
are 50 kV and 200 PHA with a brass filter in front of the tube to prevent detector saturation from
an Au fluorescence line coincident with a higher Bragg harmonic on the Ge (111) analyzer. Due
to the ~3x attenuation of the brass filter, the average incident flux was 2000 photons/s and the
integration time for the laboratory XANES data was 80 s per data point. The reference spectrum

was taken in transmission mode at a synchrotron light source.?*¢

With this context established, we present in Figure 4.8 a comparison between the XANES for a
4-pm thick commercial Co metal reference sample (Exafs Materials) measured with the
laboratory monochromator and the synchrotron-based Co reference data used above. The SBCA
is a commercial Ge(111) analyzer (NJXRS Tech) where we use a few-hundred eV wide band on
the SDD to select the (444) harmonic. The range of Bragg angles is 77.6 to 81.5 degrees. The
energy step is 0.3 eV which corresponds to incremental changes of the source and detector
positions that vary from 0.15 to 0.24 mm. The consequent incremental motions of the SBCA are
0.073 to 0.077 mm. Fine positioning of the SBCA was not critical; errors of 5 mm had only a

small influence on the apparent energy resolution of the resulting XANES scan.
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The tube power was set to its maximum value but the flux was attenuated ~3x by a brass filter
to prevent detector saturation from an Au fluorescence line that inconveniently reflects from a
higher harmonic of the Ge(111) SBCA in the middle of the Bragg angle range for this study.
The resulting attenuated flux on the sample is ~2000 photons/s and the transmitted signal I (E)
was measured with an integration time of 80 s/point. The detector exit slit was 5 mm, i.e., it
provided only some shielding from stray radiation but otherwise gave no particular contribution
to the final energy resolution. The incident flux I,(E) was measured by removing the sample and
repeating the same energy scan with an integration time of only 10 s/point; the resulting data set
was then fit to a low-order polynomial and that resulting smooth function, i.e., not having
Poisson noise, is used for normalization. The absorption coefficient is determined by Beer’s law,
u(E) = —In(I;(E)/1,(E)). Possible systematic errors from irreproducibility between the
transmission scan and the /5(E’) scan can be minimized by a future improvement to monitor the
overall x-ray tube output flux on a point-by-point basis with any detector outside of the line of
sight to the SBCA. That being said, manufacturer specifications for essentially all modern x-ray
tube sources indicate fluctuations and drifts in tube power that are well below the level needed to
influence our study.

The two XANES spectra in Figure 4.8 are in excellent agreement, with only some weak
rounding of the mid-edge shoulder at 7712 eV in the laboratory system that is consistent with the
consequences of Poisson noise for the incident flux, see Figure 4.7. This suggests that the lab
monochromator is performing at an energy resolution that is at least not much coarser than the
1.1-eV resolution expected for the double crystal Si (111) monochromator used for the
synchrotron reference study. That being said, it is important to realize the inherent difficulty in

directly evaluating energy resolution in a laboratory-source system, whether in terms of its full-
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width half maximum or a complete characterization of the energy spectrum. Some progress on

1.238 where source bandwidth

this issue may be possible following the methods of de Jonge, et a
information is extracted from measurements of reference samples of different thicknesses, but it
is clear that a broad comparison of lab-based XANES using the methods here and usual
synchrotron-based XANES is needed in the long-term, much as has been required for beamline-
to-beamline comparisons in the synchrotron community.>*

Returning now to Table 4.1, we have included several entries for the monochromatized flux in
our SBCA-based system. The obtained monochromatized fluxes per unit source power are
higher, and in most cases much higher, than seen in all of the older CBCA-based instruments.
Based on these results, we anticipate monochromatized fluxes of 10° photons/s to 107 photons/s
if a similar apparatus is constructed using a standard 2 kW line-focus x-ray tube source or a high-
powered rotating anode source, respectively. As the ~100-um source size in the dispersive
direction for a standard few-kW line-focus x-ray tube is smaller than that for our present low-
powered source, the energy resolution will not degrade and may improve; the use of a line-focus
(rather than a point focus) leads to some lost efficiency but is not expected to significantly
impact energy resolution, even for wider Bragg angle ranges needed to extend the energy range
far enough to penetrate at least somewhat into the extended x-ray absorption fine structure
(EXAFS) regime. Such an instrument could serve as a mid-scale user facility, capable of rapid
screening of large numbers of ambient samples or, in situ electrochemical cells in transmission
mode and also capable of fluorescence-mode studies for a useful subset of materials synthesis
problems.

The only engineering barrier to implementing such a higher-powered system comes from the

larger scale of the x-ray generator itself. This can be addressed in two ways. First, if the intent is
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to build quite directly on the present mechanical system, one may note that high-powered x-ray
generators are typically available in formats where the final source, whether it is a line-focus
glass or ceramic diffraction tube in a tower housing or a rotating anode head, is detachable with
long cables for electrical power and cooling water. The engineering for mechanical translation of
the x-ray head and associated cables is nontrivial but certainly soluble, as was shown with the
much larger rotating anode heads used in earlier lab XAFS systems based on the linear XAFS
spectrometer mechanical configuration and CBCA optics.””> # Second, it is important to
recognize that the present work contains two significant technical results: the simpler
implementation of lab-based spectroscopy using the mechanical configuration of Figures 4 and 5
and also the important observation that modern SBCA are vastly superior to CBCA, as per the
flux per unit power metric Table 4.1. Hence, the projected flux levels in Table 4.1 are
independent of the choice of mechanical implementation of the Rowland circle, they are a

consequence of the higher efficiency of the modern analyzer optic.

442 LABORATORY NONRESONANT XES

In Figure 4.9 we present the measured XES from a 1-mm thick CoO pressed powder pellet
(powder source: Alfa Aesar, 90%). The sample area facing the source is a 1-cm diameter disk,
the total offset from the face-center of the sample to the anode is ~3 mm, and the angle @ of the
sample face to the SBCA is ~15°. The SBCA is the same Ge(111) SBCA and same (444)
harmonic as used in the XANES study, above, and a few-hundred eV wide acceptance window is
again set on the SDD output. The range of Bragg angles is 79.4 to 85.3 degrees. The energy step
is 0.25 eV which corresponds to incremental changes of the source and detector positions that
vary from 0.15 to 0.35 mm. The consequent incremental motions of the SBCA are 0.064 to 0.066

mm.
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Figure 4.9. Nonresonant XES from a CoO powder sample. The x-ray tube settings were 50 kV
and 200 pA. The integration time was 20 s/point in the main K3 energy range and 80 s/point in

the valence region.

Exact positioning of the SBCA with respect to overall offsets of a few mm was, again, not
critical.

The data is collected with the maximum tube output. The integration times are 20 s for the
main K3 energy range and 80 s for the valence region. The data cleanly demonstrate all expected
features over the entire energy range, including the weak KB’ peak due to electron transfer from
a ligand semicore shell to the 1s core-hole on the Co.!® %7 We emphasize that no background
subtraction has been performed. All stray scatter, shielding fluorescence, harmonic signals from
the SBCA, and other backgrounds are efficiently rejected by choosing a ~300-eV wide
acceptance window on the SDD. This ability to filter backgrounds using the SDD energy
resolution is a considerable instrumental advantage in that it reduces the need for all but the most

obvious internal shielding, i.e., immediately around the detector and its electronics.
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The demonstrated count rates are impressively high. While raw count rates are seldom reported
for concentrated systems in synchrotron XES studies, our prior experience with such
measurements at monochromatized synchrotron beamlines finds only 10 times larger count rates
for an insertion-device beamline operating at 10'? photons/s.”® Consequently, we now move to
discuss photometrics for XES. Any effective system for measurement of x-ray emission
spectroscopy (XES) must attain a suitable product of fluorescence stimulation rate and net
detection efficiency. As the general optical configuration for the lab spectrometer is extremely
similar to that used for most XES and other inelastic x-ray scattering methods at synchrotron

beamlines,62’ 125, 235, 240-247

we focus here on the useful rate of core-hole creation at the sample by
the x-ray tube source. This is the critical parameter that can be used, for example, to predict the
relative measurement times for XES with the laboratory spectrometer and with a synchrotron
beamline (having known flux and consequent core-hole generation rate).

Consider an x-ray source having a power spectrum I,,,ce (E), where Iy, rce (E) is normalized
by bandwidth and solid angle, i.e., its units are photons/(eV s sr). Assume that this source

illuminates a flat sample of thickness t at roughly normal incidence. The rate of core-hole

creation in a shell a is then

Neore-note = Qsampte fy 222eBb<E (1 — Fp[—u(E)t]) dE (4.1)
where the sample surface subtends a solid angle Qgqmpie as viewed from the source and where
1(E) is the absorption coefficient from all processes at energy E but u,(E) is the absorption
coefficient for only the shell a at energy E, e.g., the absorption coefficient for 1s ionization of a
transition metal species. It is useful to put this into context. A special feature of the low-power

tube source used here is the very close approach of samples to the anode, with Qg4 being as

large as 1 sr for favorable cases. Making use of the measured Ig,,-c.(E) (see Figure 4.6), we
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then estimate Nopre—noie~ 8 X 101 /s for thick, concentrated samples of transition metal
species; this estimate has ~40% error due to uncertainties in I, and will be further modified
by the exact sample chemistry.

Continuing to the next step in the photometrics, the broadband nature of the excitation from the
tube source causes a large fraction of the stimulated x-ray emission to occur so deep in the
sample as to be strongly absorbed before escaping. To quantify this issue, we next calculate the
rate of x-ray fluorescence escape from the face of the sample in the general direction of the

SBCA,

Y _ 0 Isource(E) ha(E) _ _ kg
Neop = QsampreBa-gp [, W(l Exp| (#(E) + (sm¢)> t]> dE (4.5)

In Eq. (4.5), the emission channel is denoted by £, the escape angle from the sample toward the
SBCA by ¢ (see Figure 4.2), up is the absorption coefficient of the sample at the energy of the
emission channel B, and B,_,z is the branching ratio into emission in channel § given that an
ionization event has occurred in the shell @. The experimentally-useful rate of core-hole
generation, N, g/Bap, at ¢ = 15° is then estimated to be ~2 X 1011 /s for thick, concentrated
samples of transition metal species with, again, ~40% errors due to systematic uncertainties in
Isource (E).

It is important to note that the above estimate is surprisingly large, given that we are using only
an inexpensive, very low-power commercial x-ray tube source. By comparison, at the Advanced
Photon Source the flux of a typical (monochromatized) XAS beamline falls into the range ~2 X
101%/s to ~10%1 /s for bending magnet beamlines, depending on upstream concentration optics,
and is in the range ~1 X 10'?/s to ~5 x 103 /s for insertion device or wiggler beamlines.

These fluxes should be decreased somewhat by sample geometry effects for a strict comparison
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to the above estimate of Na_,[; /Ba-p and alternatively could be increased by a large factor
through the less-common use of broadband monochromators, such as is most important when
studying very dilute samples.??> That being said, a key observation remains that is in agreement
with the above experimental results: many nonresonant XES studies of concentrated samples can
be performed with our laboratory instrument without incurring heroic integration times, and
often with measurement times quite comparable to those at synchrotron beamlines.

Finally, given the above results and considerations, it is reasonable to ask whether the use of a
more powerful x-ray source could give added benefits for lab-based XES. Somewhat
counterintuitively, such an upgrade yields strong advantage in only certain cases. In Table 4.2,
we present several relevant characteristics of conventional x-ray generators for the hard x-ray
region. While cross-apparatus comparisons are certainly influenced by some fine design details,
all such systems can use the same target (anode) materials and typically operate at the same
accelerating potentials (~50 kV) and the emitted flux per unit solid angle for each source is
therefore roughly proportional to the total electron beam power P. For the focusing-geometry
monochromator used here, the area of the sample facing the SBCA is independent of the choice
of source (it is set by the Bragg angle and the desired energy resolution), and consequently the
rate of core-hole generation for any sample is proportional to P/x?, where x is the distance from
the anode to the sample. The final two columns in Table 4.2 provide this metric for the case
where the sample is at the closest approach (d) to the anode, as can be achieved for ambient
samples, and at closest approach plus 20 mm, as would be needed for samples in special
environments such as cryostats, furnaces, or chemical reactors. For ambient samples, P/d? has
only modest benefits when upgrading from the present 10 W tube source to a ~20 kW rotating

anode, despite the ~30x higher cost for the more intense source. This is due to the much larger
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Table 4.2. For various laboratory x-ray generators, a comparison of the broadband flux
(including both fluorescence lines and bremsstrahlung) per unit sample face area available at the
exit window and also recessed by 20 mm, to allow for environmental apparatus. As the target
materials and accelerating potentials are similar for all such generators, the total fluxes are
roughly proportional to the total electron beam power. See the text for discussion of the P/d?

and P/(d + 20mm)? metrics.

X-ray generator Electron beam  Sample closest P/d? P/(d + 20mm)?
power, P approach, d (W/mm?) (W/mm?)
W) (mm)
Rotating anode 20 x 103 ~100 2.0 1.4
High-power tube 3 x 103 40 1.9 0.8
Mid-power tube 300 15 1.3 0.24
Low-power tube 10 3 1.1 0.02

distance from the source anode to the Be vacuum window, a fact mandated by the higher IR heat
load on the Be window. For systems in special environments, on the other hand, any substantial
offset of the sample itself from the exit window of the x-ray source results in strongly decreased

efficiency for the low-power tube source but has less impact on the higher powered sources.

4.5 CONCLUSIONS

In summary, we report the development and performance of a modern, ‘introductory level’
instrument for laboratory based studies of x-ray absorption near edge structure (XANES) and
high-resolution x-ray emission spectroscopy (XES) in the energy range ~5 keV to ~10 keV.
Unlike the earlier generation of Rowland-circle based focusing monochromators for laboratory

XAFS, we use a modern spherically-bent crystal analyzer as the Bragg analyzer, thus obtaining
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much improved efficiency at ~1-eV energy resolution. For transmission-mode XANES of
concentrated samples, a few hours measurement time yields relatively quiet data that is in
excellent agreement with synchrotron studies. For XES, we find a surprisingly effective system
capable of synchrotron-quality results in nearly synchrotron-level measurement times for
ambient samples. Given the accessible cost and easy assembly and operations of the present
instrument, we believe that this low-performance, high-access approach can have a significant
scientific and technical impact in the existing synchrotron x-ray spectroscopy community and
also as a low-barrier entry path for new users and their instruction. Furthermore, the
demonstrated monochromatic flux and energy resolution serves as proof of principle for the
technical viability of a mid-scale XAFS user facility employing a standard few-kW line-focus

tube source or higher-powered rotating anode x-ray generator.
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Chapter 5. BENCHTOP NONRESONANT X-RAY EMISSION

SPECTROSCOPY

Originally published as: D. R. Mortensen, G. T. Seidler, A. S. Ditter and P. Glatzel, Journal of

Physics: Conference Series 712 (1), 012036 (2016).

Recently developed instrumentation at the University of Washington has allowed for
nonresonant x-ray emission spectra (XES) to be measured in a laboratory-setting with
an inexpensive, easily operated system. We present a critical evaluation of this
equipment by means of KB and valence-level XES measurements for several Co
compounds. We find peak count rates of ~5000/s for concentrated samples and a robust
relative energy scale with reproducibility of 25 meV or better. We furthermore find
excellent agreement with synchrotron measurements with only modest loss in energy
resolution. Instruments such as ours, based on only conventional sources that are
widely sold for elemental analysis by x-ray fluorescence, can fill an important role to
diversify the research applications of XES both by their presence in non-synchrotron
laboratories and by their use in conjunction with XAFS beamlines where the

complementarity of XAF'S and XES holds high scientific potential.

5.1 INTRODUCTION

Nonresonant x-ray emission spectroscopy (XES), while far less common as ubiquitous as x-ray
absorption spectroscopy (XAS), has seen steady growth in a number of fields over the past
several decades. In particular, KB (3p—1s) and valence-level XES has seen extensive use in
determining spin state, oxidation state, and ligand speciation in 3d transition-metal materials.'®

24, 248 Because this technique probes the emissions resulting from the filling of core-holes, it
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provides complementary information to XAS and combination of the two spectroscopies is a
natural and powerful extension.

Unfortunately the infrastructure for XES has lagged considerably behind that for XAS with
only a handful of synchrotron end stations dedicated to such measurements.®> 6% 24> 249 This
access scarcity has significantly hampered the further development of XES as a routine
complement to XAS. We have recently demonstrated, however, that benchtop instrumentation
based on high-resolution spherically-bent crystal analyzers (SBCAs) can in many cases provide
synchrotron-quality XES measurements.?>® Here we explore the capability and limitations of this

laboratory-based equipment via a direct comparison to synchrotron data and we also report on an

instrumental improvement that helps to finely anchor the accuracy of the energy scale.

5.2 EXPERIMENTAL DETAILS

Laboratory spectra were recorded using a Rowland-circle monochromator recently developed
at the University of Washington,>*® see Figure 5.1. X rays are generated by a conventional tube
source (Moxtek) with an Au anode operated at 40 kV bias and 200 pA current, i.e., only 8 W
total electron beam power. As has been emphasized elsewhere,° the small anode-to-sample
distance possible with this type of source allows the sample to subtend a very large solid angle,
giving highly efficient excitation that can reach rates intermediate between those typical for a
monochromatized bending magnet and insertion device at a third-generation synchrotron. The
sample fluorescence was analyzed and refocused at the detector position by a 1-m radius of
curvature Ge (444) SBCA (XRS Tech). A geometric correction, based on ray-tracing
calculations (see Section 6.5), is applied to compensate for the Bragg angle dependence of the

height of the refocused spot at the finite-height (5-mm) detector.
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0

Figure 5.1. The lab-based Rowland-circle spectrometer.>® The slits in front of the sample
constrain the angular width (§65) probed by the analyzer which improves energy resolution and

reproducibility. The sample is slightly rotated (¢) to allow improved line-of-sight to the SBCA.

The sample is rotated slightly (~15°) to provide improved line-of-sight to the analyzer for the
fluorescence while still allowing for minimal offset from the x-ray tube anode (~3 mm). Most
recently, instead of placing the sample directly on the Rowland geometry we use a narrow
entrance slit on the Rowland circle and move the sample + source subassembly ~10 mm behind
the slit. The purpose of this slit is two-fold. First, the dominant limit on energy resolution is the
apparent angular width of the illuminated sample area as seen by the SBCA. The entrance slit
gives some ability to tune the resolution by adjusting its width. Higher resolution of course
comes at the cost of lower count rates and the optimal tradeoff is determined on a case-by-case
basis. For this study a slit width of 0.5 mm was selected. This corresponds to an angular width of

0.03° (0.48 V) at 82.93° Bragg angle (7650 eV).
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The second purpose of the entrance slit is more subtle and involves the difficulty of
reproducing exact sample position. Since the relative energy scale is determined geometrically, a
small lateral misalignment of the sample will register as an incorrect energy shift in the resulting
spectrum. This ambiguity presents a significant barrier to cross-comparisons between different
samples, which is especially pressing in the case of K XES from 3d transition metal compounds
where shifts in the KBi3 peak can indicate changes in spin state and other local electronic
properties.'® With the slit constraining the angular range being sampled by the SBCA, however,
this becomes a minor issue; a misalignment large enough to meaningfully shift the energy scale
will fall outside of the sampled range, resulting in an obviously reduced signal. For means of
example, we measured CoO Kfi 3 at several lateral sample positions as well as a spectrum where
the sample was removed, replaced, and realigned — see Figure 5.2. These results demonstrate a
highly robust energy scale that is insensitive to exact sample position. The inset of Figure 5.2
shows that shifts in the energy scale as small as ~25 meV are accompanied by factor of 2
decreases in overall intensity. Simple optimization of signal intensity with respect to the sample
position behind the entrance slit therefore ensures outstanding consistency of energy scale
between different measurements.

For the study below, synchrotron measurements were performed at beamline ID26 of the
European Synchrotron Radiation Facility (ESRF). The incident energy was tuned to 7.8 keV
using a double Si (111) monochromator. The total incident flux was ~ 2 x 10" photons/s.
Samples were oriented at 45° in the scattering plane, resulting in a beamsize of 0.5 mm in-plane
and 1 mm out-of-plane. The resulting fluorescence was analyzed by an array of five Ge (444)
SBCAs in a 1-m Rowland circle geometry. The energy resolution, which varies slightly between

SBCAs, is ~1.1 eV as determined from the FWHM of elastic scatter lines.
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Figure 5.2. Peak-intensity normalized CoO Kf spectra measured at the aligned and the extreme
misaligned location. The gray curve shows the residual between the two spectra. Inset: the peak

count rate and energy shift as a function of lateral sample position.

Samples were prepared from high purity powder (99.99% Co0304; 99.5% LiCo0O2) from Alfa
Aesar. The same samples were measured at both the University of Washington lab and the

ESREF, thus eliminating possible systematic effects due to variations in sample preparation.

5.3 RESULTS AND DISCUSSION

In Figure 5.3 we present a laboratory/synchrotron comparison of KB XES for Co3O4 and
LiCoO». To better overlay with the laboratory data the ESRF spectra have been additionally

broadened by convolving with a Gaussian of FWHM = 0.8 eV. This is larger broadening than
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Figure 5.3. KB XES for LiCoO2 and Co304 powder samples. The red curve shows spectra
collected as ESRF; blue dots show data taken using the laboratory-based instrument described in
the text. All spectra have been normalized to peak intensity. For ease of presentation, the

valence-to-core emission is shown amplified 50x. The ESRF results have been broadened by 0.8

eV to match the slightly poorer energy resolution of the lab XES results; see the text for

discussion.
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expected from the finite size of the entrance slit discussed above and is mostly likely due to the
SBCA being slightly off circle in the laboratory system. Nonetheless the net effective energy
resolution of ~1.4 eV is more than sufficient to resolve the key XES features without loss in
scientific merit.

The two datasets are in excellent agreement for both the main Kf (K13 and KB’) and valence-
to-core (KB2,5 and Kf'") emission lines. The only discrepancy is the KL feature present only in
the laboratory data. This emission is the result of a multi-electron excitation® and therefore
exhibits a threshold behavior at roughly the K + L-edge binding energies. The excitation energy
for the ESRF data (7.8 keV) is well below this threshold. The broadband tube source in the
laboratory setup, however, emits x rays with energies up to 40 keV resulting in sizeable KLf3
emission.

Despite the low-powered x-ray tube used here, the peak count rates at Kpi3 are ~5 x 10°/s,
allowing high quality spectra in very useful measurement times. The measurement time for the
main K XES was less than one hour while the valence XES required ~6 hours of data collection
for cleanest statistics. Count-rate improvement of up to 100x could be realized by upgrading the
x-ray source to a kW-level commercial tube of the type used commonly in fluorescence studies
for elemental analysis. For comparison the ESRF measurements averaged ~2 x 10%s/SBCA at

peak.

5.4 CONCLUSION

We have demonstrated the effectiveness of inexpensive, easily assembled and operated
benchtop equipment using only low-powered, conventional x-ray sources for high-resolution

XES measurements. We find easy measurement of even the lowest-intensity valence-level
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emission lines for concentrated samples and also find excellent agreement with synchrotron-
based studies. This versatile instrument design could have significant application in many fields
where transition-metal and lanthanide compounds are of central importance, including electrical
energy storage, f-electron chemistry, catalysis, and environmental chemistry. In addition to
extending routine XES beyond the confines of synchrotron light sources, we propose that this
type of user-friendly spectrometer could be used as an on-site supplement to XAFS beamlines

allowing XES measurements without using synchrotron beamtime.
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Chapter 6. ROBUST OPTIC ALIGNMENT IN A TILT-FREE
IMPLEMENTATION OF THE ROWLAND CIRCLE
SPECTROMETER

In preparation for publication: D. R. Mortensen and G. T. Seidler, Nuclear Instruments and

Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, (2016).

Spherically bent crystal analyzers (SBCAs) are important components in both
synchrotron- and lab-based x-ray emission spectrometers and also in lab-based
monochromators for x-ray absorption fine structure. The imperfect parallelness
between the desired crystal plane and the wafer surface, usually called “wafer miscut”,
introduces an ambiguous re-focusing error which has commonly led to the use of a two-
axis tilt for fine alignment of the optic onto the Rowland circle configuration. This
imposes additional cost and complexity for each of instrument construction,
maintenance, and operation. The low brilliance of laboratory x-ray source in particular
can make alignment onerous in applications lacking a broad, strong signal line. Here a
new method is presented for characterizing and orienting SBCA miscut to eliminate
such fine-tilt adjustment requirements. This result is implemented and shown to greatly
simplify SBCA initial alignment while also providing rapid, extremely reproducible re-
insertion of any aligned SBCA, i.e., without the need for any subsequent recalibration.

These improvements come without sacrifice in spectrometer performance.
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6.1 INTRODUCTION

One of the most important advances in hard x-ray spectroscopy has been the development and
proliferation of spherically bent crystal analyzers (SBCAs). When employed in the Rowland
circle geometry *”> #8 these x-ray optics monochromatize and refocus point-source input via
Bragg reflection. The intrinsically narrow bandpasses of the perfect crystals used in construction
result in resolutions of ~1-eV for the simplest applications to as little as a few-meV for diced

251-253

analyzers in near-backscatter geometries Such qualities make SBCAs an integral

component in both synchrotron- and laboratory-based instrumentation !¢ 60 62-64.223, 250, 254-259,
SBCAs are manufactured by bonding or gluing flat Si or Ge wafers to a shaped surface,

usually a concave glass lens 446

, so that the resulting crystal surface achieves the desired radius
of curvature, i.e., equal to the Rowland circle diameter. However, due to limitations imposed
during wafer slicing from large single-crystal boules and subsequent polishing, the underlying
crystal planes typically have so-called miscut angles of 0.1 — 0.5° with respect to the crystal
surface. While this fabrication error generally does not significantly degrade the performance of
the optic, as we will discuss in Section 6.5, it complicates the implementation of any Rowland
circle spectrometer, previously leading to the use of a two-axis tilt for fine alignment of the
SBCA as a compensation for wafer miscut even in the hypothetical absence of other positional or
alignment errors. These fine alignment requirements increase instrument complexity and cost in
each of design, construction, operations and maintenance.

Here we demonstrate that careful consideration of the orientation of the miscut-error with

respect to the symmetry axis of the SBCA has dramatic consequences for spectrometer design

and operations. In particular, we demonstrate that the two-axis tilt can be removed from a
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Rowland circle SBCA spectrometer without loss of performance and, in fact, with considerable
simplification in instrument design and ease of use (US Provisional Patent 62/271,992).

This paper continues as follows. In Section 6.2, we introduce general considerations of wafer
miscut and Rowland circle operations. In Section 6.3, we demonstrate the expected sensitivity of
SBCA alignment to both the magnitude of the miscut and also its orientation with respect to the
Rowland circle, all when using a conventional spectrometer that includes the two-axis tilt, i.e., in
the usual ”symmetric Rowland” configuration. In Section 6.4, we instead introduce the
“asymmetric Rowland” configuration and provide the major results of this paper. We find that
alignment of the miscut into the Rowland plane allows full compensation with a detector offset,
enabling complete removal of the two-axis tilt behind the SBCA. In this configuration, we find
easy initial SBCA alignment which is then permanent, in that an aligned SBCA can be removed
and then later reinstalled with no loss of performance and with strongly, immediately
reproducible energy scales. In Section 6.5 we provide additional results in support of these
assertions, including especially ray-tracing results for the focal errors induced by our approach.

Finally, in Section 6.6 we summarize and conclude.

6.2 COMPENSATING FOR WAFER MISCUT IN SBCA ALIGNMENT

The effect of wafer miscut is illustrated in Figure 6.1. A miscut crystal has a tilt in its

reciprocal lattice vector, G , (i.e., the vector perpendicular to desired crystal plane) with respect to
the surface normal, 7, at every point on the wafer and hence also on the curved optic. This
introduces a serious hurdle to SBCA alignment. In standard practice, an SBCA is prealigned
using optical reflection of a diverging laser. In this specular reflection the refocusing geometry is

determined by the surface normal, 1. X-ray scatter, however, occurs in the crystal bulk and its

reflection is wholly dependent on G. The result of miscut is therefore an ambiguous deviation in



88

expected refocused
position (optical)

------------
-----
-----------------
-----------
-----

--------
--------
-------
--------------
TLL
........
L] 'y

actual possible SECA

refocused positions

Figure 6.1. The effect of crystal miscut on the refocused position of the monochromatized beam.
Due to the symmetry—breaking of the miscut the azimuthal, or “clock”, angle (¢) becomes a
relevant parameter directly affecting the reflection geometry. The yaw (8) and pitch () of the
SBCA are typically adjusted to steer the refocused beam back onto the expected focal location

on the Rowland circle.

the x-ray reflection away from the optical light used in alignment (i.e., the expected geometry in
the absence of wafer miscut).

The ambiguity, as encompassed by a circle of possible refocus positions shown in Figure 6.1,
is due to the new degree of freedom introduced into the system by the symmetry-breaking of the
wafer miscut: the azimuthal, or “clock™ angle (¢) of the SBCA is now relevant and couples
directly to the orientation of G and thus to the re-focus position. The miscut is not known a
priori, and consequently even the most carefully engineered instruments require a means for

compensation.
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Symmetric Asymmetric

Figure 6.2. Two methods of correcting for a wafer miscut of magnitude a. Here the clock angle

can be thought of as a rotation of 60 about the SBCA symmetry axis A. (Left) The symmetric
Rowland case where 6 and y tilts are adjusted to steer the reflected beam (red line) back onto the
expected detector position (D). Note that such an adjustment means the SBCA is no longer
tangent to the Rowland circle. (Right) The asymmetric Rowland configuration where the SBCA
is held fixed and the detector is moved to find the monochromatized beam. The simplest scheme
offsets the detector by AD along the x-axis of the source (S) to an off-circle location (D).

Alternatively, the detector could be moved back on-circle (D”).

The canonical solution has been to use a two-axis (6, y) tilt on each SBCA to steer the

monochromatized beam back to the optically-determined, symmetric detector position. This

places the reciprocal lattice vector at the center of the SBCA, 50, at the high-symmetry bisector
of source and detector. This is shown schematically as the “symmetric Rowland” configuration
in Figure 6.2.

This alignment process, while often tedious, is technically straightforward at synchrotron light-

sources: the excellent tunability ensures that an elastic scatter line can always be obtained at the
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desired alignment energy. Furthermore, due to the high brilliance, the initial alignment can be off
appreciably with the tails of the scatter line still being strong enough to generate a tune-up signal
on the detector. Nonetheless, such a scheme requires realignment each time the optic is installed.

Two-tilt alignment is more arduous for laboratory-based spectrometers which employ low-
brilliance, bremsstrahlung tube sources. In particular, emission spectrometers often lack strong
signal except at certain, narrow Bragg angles (i.e., the exact parameter unknown until post-
alignment). In some cases, such as low concentrations or weak valence-to-core lines, an
appropriate alignment signal is absent altogether. While highly dependent on each specific
system and optic, these situations can frequently result in alignment times of order one hour or
more.

In this work we propose an alternative correction scheme in which the SBCA tilts are held

fixed at 8 = y = 0° as a consequence of two changes in operation: (1) the optic clock angle ¢ is

chosen such that 60 is rotated into the Rowland plane; and (2) the detector position is offset to
the actual refocused path. This is shown in Figure 6.2 as the “asymmetric Rowland”
configuration. The remainder of this paper looks at how the miscut can be determined for
instruments in the symmetric or asymmetric configuration, and, more importantly, demonstrates
substantial simplification and improved ease of operation for the latter design. We furthermore
demonstrate how the asymmetric configuration requires an SBCA to be aligned only a single

time, allowing for “plug and play” operation upon subsequent use.

6.3 SYMMETRIC ROWLAND CONFIGURATION

It has previously been shown that SBCA miscut can be accurately determined through careful

optical alignment and subsequent collimated-beam x-ray diffraction measurements from the
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analyzer center 2°. Here we demonstrate an alternative method that is useful for illustrating the
consequences of the conical locus of possible refocus positions discussed above (Figure 6.1).
This method uses only the equipment already standard for symmetric Rowland circle
spectrometers, namely a two-axis tilt. The first step of this procedure is the same as for any
alignment: the optic is mounted and its yaw (8) and pitch (y) are adjusted to maximize detected
signal. The clock angle (¢) is then rotated by a known amount and the above step is repeated.

When this procedure is carefully carried out through a full 360° revolution the optimized 0 and ¥
tilts trace out a circle, corresponding to the rotation of G at the SBCA center, 50, about the optic

symmetry axis, A. While the spatial map of G as a function of position along the spherically
curved surface is indeed more complex, one must remember the key point of Rowland circle
operation is that, absent the well-known inherent geometric errors of Johann-typed SBCAs, the
angle of incidence of the x-rays from a point source is the same at every point on the SBCA
surface. Note that the angular radius of the circle traced in 8 and y is equal to twice the miscut
angle, a.

To test this premise we performed the above procedure on two Si 111 and one Si 551 SBCAs
(all from XRS Tech), each having 100-mm wafer diameter and 1-m radius of curvature. Data for
this study was collected using a laboratory-based spectrometer recently developed at the
University of Washington 2% 258 259 X rays were generated by emission from Cu or Ni foils
excited by bremsstrahlung output from a conventional tube source (Moxtek) with an Au anode
operated at 35 kV and 200 pA. The Cu and Ni emission lines were used to provide strong,
narrow signals for accurate calibration and for fine tests of changes in spectrometer alignment,

resolution and energy scale upon removing and re-installing the corresponding SBCA. The
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Figure 6.3. The 6 and y tilts of the refocused x-ray beam relative to the expected (optical)
position. Tilts were determined by maximizing the Cu Koo (Ni Kf1,3) signal fora Si 111 (Si 551)

SBCA operating in the symmetric Rowland configuration. Data points were taken every 15° in
@. A clock angle, ¢ = 0° corresponds to 50 oriented in the Rowland-plane tilted towards the

source-side of the circle, 90° corresponds to 50 tilted out-of-plane upwards, etc. The black
dotted lines show a circular fit to each dataset, revealing miscuts of 0.45 +/- 0.01°, 0.13 +/-

0.01°, and 0.081 +/- 0.002° accordingly.
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detector is a solid-state Si drift detector (Amptek XR-123SDD) with a 5-mm diameter active
area. The region of interest was set appropriately to reduce background signal.

The results are shown in Figure 6.3. Data were taken in incremental steps A@ = 15° with
fiducial markings insuring accuracy to within +/- 1°. For this study the rotation was applied
manually, though this could easily be replaced with a motorized stage if desired. For the Si 111
optics, the Cu Koo line was used for alignment (80.1° Bragg angle at 444 reflection) while for Si
551, the Ni KB13 emission (80.5° Bragg angle) was used. The data shows excellent agreement to
the expected circular shape with extracted miscut values of 0.45 +/- 0.01°, 0.13 +/- 0.01°, and
0.081 +/- 0.002° accordingly.

In addition to the magnitude of the miscuts, their orientations are obtained by careful note of

the clock angle associated with each set of (6, y) values. The convention for clock angle is as
follows: 0° corresponds to 50 in the Rowland-plane and tilted towards the source-side of the

circle; 90° corresponds to 50 tilted out-of-plane upwards, etc. (see Figure 6.3).

In Figure 6.4 we test the consequence of the SBCAs clock angle ¢ on the measured non-
resonant Kf emission spectrum of Ni metal. In each case the tilts have been adjusted as
described above. All spectra presented in this study were collected at 15 seconds of integration
per point in 0.1 eV steps. Here the resolution is dominated by the K-shell core-hole lifetime (1.44
eV) and we expect the difference between orthogonal orientations to be indistinguishable. Indeed
the peak-normalized spectra are identical to within statistical noise. Furthermore, the count rates
agree favorably with peak rates of 4270/s and 3990/s for in-plane (¢ = 0°) and out-of-plane
(p = 90°) orientations respectively. These results indicate that for experiments that are
intrinsically limited by core-hole broadening to ~1-eV or coarser resolution the SBCA

performance after conventional alignment with a two-axis tilt is independent of clock angle.
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Figure 6.4. Peak normalized Ni Kf} spectra for an in-plane (¢ = 0°) and out-of-plane (¢ = 90°)

orientation of 60 in the symmetric Rowland configuration. For clarity of presentation the first
spectra has been offset as indicated. Unnormalized count rates were 4270/s and 3990/s at peak
for 0° and 90° clock angle respectively. The two datasets agree so well as to be nearly
indistinguishable — the green curve shows the residual between the two normalized spectra. Both

spectra were collected at 15 seconds of integration per point in 0.1 eV steps.

Further investigation is required to determine if this advantage extends to ultra-high resolution

(<100 meV) applications such as inelastic scattering experiments.

6.4 ASYMMETRIC ROWLAND CONFIGURATION

Armed with the above knowledge, we now investigate how the careful selection of the

orientation of G, can simplify overall instrument alignment and operations. As a first scenario, in

the symmetric Rowland geometry the miscut can be chosen to be rotated either into or out of the
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Rowland plane. Doing so removes the need for either, but not both of, the y or 8 adjustment,
effectively reducing the required motorized degrees of freedom to a 1-D tilt, with obvious saving
in both instrument cost and alignment time.

A second, more aggressive, approach is to eliminate two-axis fine tilt adjustments entirely.

This can be realized by rotating 60 into the Rowland plane and offsetting the detector position to
position D’ as shown in the asymmetric Rowland configuration in Figure 6.2. The magnitude of
the offset, AD, is determined geometrically to be

AD = Rsin*(0p) [cot(85 — 2a) — cot(65)] (6.2)
where R is the SBCA radius of curvature, 85 is the expected Bragg angle absent any miscut, and
a is the crystal miscut. In principle the detector offset is a function of Opwhich is the exact
parameter altered during an energy scan. However, for a/6g <« 1, which is true for typically
modest miscut and operation close to backscatter, eq. (6.2) reduces to

AD = 2Ra + 0(a/0g)? (6.3)

which is independent of 85. This constant offset approximation holds quite well over a wide
range of Bragg angles. For example, for a 1-m curvature SBCA having 0.5° miscut the optimal
detector offset as determined by eq. (6.2) is 17.5 mm at perfect backscatter and 17.6 mm at 65 =
70°. Thus any reasonably sized detector can be used in an energy scan without modifying the
detector offset. While this approach will alter the energy calibration with respect to the perfectly
symmetric case, this issue is addressed pragmatically by, e.g., measurement of reference

standards, just as would be done with the usual experimental configuration.
This method, of course, hinges on orienting 50 into the Rowland plane which requires prior
knowledge of the SBCA miscut. While the analyzer could first be characterized in a symmetric

Rowland instrument with a two-axis tilt and then transferred to the fixed, asymmetric design, this
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Figure 6.5. A perspective rendering of the University of Washington instrument modified to
work in the asymmetric Rowland configuration. Inset: The new SBCA module where the two-
axis tilt has been replaced with a rigid, right-angle bracket. The flat back of the SBCA lens is

clamped flush to the bracket surface.

negates much of the intended benefits. We have therefore identified a related procedure for
optimizing the orientation of the SBCA miscut entirely within an asymmetric Rowland
geometry.

This is accomplished by measuring the count rate of a reference signal as a function of ¢. Any

out-of-plane tilt in 50 deflects the reflected beam out of the Rowland plane shown in Figure 6.2
and cannot be compensated for by the simple 1-D detector offset. For a finite sized detector, or a

large detector constrained by appropriately sized entrance slits, the count rate will therefore be
maximized when 50 is oriented in the Rowland plane. Once the maximum signal is found, a
simple fiducial mark on the cylindrical exterior of the SBCAs lens-support allows for easy

reproducibility, as we show below.
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Figure 6.6. Maximum count rate as a function of clock angle for the asymmetric Rowland
geometry. Cu Koo emission was used as the reference signal measured by a 0.45°-miscut Si 111
(444 reflection) SBCA. Count rates are given as absolute peak counts/second. The horizontal
dashed line indicates the counting rate achieved when employing the same analyzer in the
symmetric Rowland configuration. The shift in the shape when the clock angle is rotated by 180°

indicates a small error in the spectrometer design with the detector sitting slightly below the

Rowland plane.

To test the efficacy of this proposed method, we modified the University of Washington
instrument described in Section 6.3 (see Figure 6.5). Specifically we removed the two-axis tilt
module and in its place installed a simple, rigid right-angle bracket, aligned and shimmed a
single time with assistance of a laser and flat mirror to ensure correct placement with respect to
the Rowland circle. The flat back of the SBCA lens-support is simply clamped flush to the face
of this bracket as shown in the inset in Figure 6.5. The alignment procedure was carried out

using the 0.45°-miscut Si 111 analyzer and Cu foil from Section 6.3. At each ¢ the detector
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offset was scanned to find the maximum Cu Koo signal as indicated in Figure 6.6. The shift in
the shape when ¢ is rotated by 180° indicates a small error in our geometry with the detector
sitting slightly below the Rowland plane. This, however, does not affect the maximum count
rate, compared to the symmetric Rowland geometry, nor does it significantly degrade resolution
as will be discussed in Section 6.5.

In addition to the reduction of mechanical components, this fixed bracket design allows for
remounting of SBCAs with only minor irreproducibility in their position. Realignment is not
needed. The proof of this claim is demonstrated in Figure 6.7. For each sample the SBCA miscut
was rotated in-plane as discussed above. An initial detector scan (< 5 min) was performed to find
the optimal offset and a spectrum was recorded. The sample and optic were then entirely
removed. After performing other measurements with the spectrometer we then reinstalled the
same sample/SBCA combinations and repeated the spectral scans using the same detector offsets
and SBCA clock angles found previously (i.e., without any re-optimization scans). The
agreement is excellent with only minor changes in the peak count rate (13600/s vs. 13400/s for
Cu and 3200/s vs. 3920/s for Ni). The small discrepancy in intensity is most likely due to
degradation of the He space over time. We stress that no relative shift has been applied between
the initial and revisited spectra thus demonstrating a reproducible energy scale to ~50 meV
without recalibration.

These demonstrated consequences of our implementation of the asymmetric Rowland
configuration form the major results of this paper. Our design successfully removes all motorized
tilt degrees of freedom, substantially easing instrument design and construction without
degrading spectrometer performance (US Provisional Patent 62/271,992). Furthermore, the

simplified alignment and robust reproducibility upon reinstalling SBCAs offers obvious benefits
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Figure 6.7. Peak normalized Cu Ko and Ni Kp spectra recorded using the previously
characterized Si 111 and Si 551 SBCAs in an asymmetric Rowland geometry. All spectra were

collected at 15 seconds of integration per point in 0.1 eV steps. Spectra have been vertically

offset for clarity. For each analyzer the clock angle was set at 180° to orient 50 into the Rowland
plane. An initial detector scan was performed to find the optimal detector offset and a spectrum
was recorded. The same sample/SBCA combinations were later revisited and spectral scans were
rerecorded using the same clock angles and detector offsets found previously (i.e., without a re-
optimization scan). The agreement is excellent with only small changes in the peak count rate
(13600/s vs. 13400/s for Cu and 3200/s vs. 3920/s for Ni). No relative shift has been applied to

the energy scales, which reproduce to within ~50 meV without recalibration.
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in user operations and towards the study of dilute samples and/or weak emission lines where
direct alignment is impractical due to lack of a strong signal. While the results have only
addressed x-ray emission spectroscopy, they more broadly apply to any operation of a Rowland
circle spectrometer using SBCAs, including when used as a monochromator for laboratory-based
x-ray absorption fine structure (XAFS) 239258,

While the asymmetric Rowland configuration is most clearly applicable in single-SBCA
systems, the pre-orientation of optics could also be useful in multi-analyzer spectrometers. Even
when these designs require the use of one or more tilt axis, such as for direct energy scanning

with theta, we have found that pre-determination of the clock angle of the miscut can greatly

streamline SBCA alignment.

6.5 THE EFFECT OF WAFER MISCUT ON SBCA PERFORMANCE

Having established the importance of careful control of the orientation of the wafer miscut,

before concluding we examine how the relative orientation of G affects overall instrument
performance. We begin by addressing energy resolution. The factors limiting resolution of
spherical analyzers fall into four main categories 2°': (1) intrinsic contributions from the crystal
Darwin width and strains induced during the bending process; (2) the finite angular size of the
source (or sample) as seen by the SBCA; (3) Johann errors due to only the center of the SBCA
being on the Rowland circle; and (4) axially aberrations caused by the out-of-plane spherical
bending being correct only at perfect backscatter. These factors are taken to be independent and
therefore combine in quadrature to give the final instrument resolution. The latter three
categories are purely geometric aspects and all affect energy resolution as cot(6g). For this
reason instruments requiring highest possible resolution are always designed to work at extreme

backscatter geometries.
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Of the factors listed above, Johann and axial errors are clearly the most sensitive to crystal

miscut. Both are due to variation across the face of the analyzer in the angle between incident

radiation and 5‘, i.e., the complementary Bragg angle. These geometric aberrations have long

been understood and are well documented > 3. Crystal miscut directly influences the direction

of G and therefore requires a direct assessment in the context of Johann error.
Here we implement a method for calculating the combined Johann and miscut errors using ray
tracing code in Mathematica. As the performance of SBCAs working in the symmetric Rowland

configuration has been well-established experimentally, for brevity we present only results for

the asymmetric geometry. This code calculates G at all points on the SBCA by first applying the
miscut rotation to the lattice planes of a flat crystal and then bending its surface onto the partial

analyzer “sphere”. The incident Bragg angle is then mapped across the analyzer surface for a
given source location. This gives the added functionality of being able to fold in the effects of
finite source size so as to account for all the geometric factors limiting resolution. We do not
consider the finite penetration of the x rays into the crystal bulk. While this is a primary energy-

broadening mechanism far from backscatter, it is a minor effect for the angle ranges presented in

this study. We furthermore consider the misorientation of G with respect to 71 to be coherent at
every point, in that we ignore solid mechanics effects such as have been discussed in detail by
Honkanen, et al. 26?

We emphasize that this ray tracing considers only geometric effects assuming perfect Bragg
surfaces. In practice the elastic bending of flat wafers introduces crystals strains. These defects,

which vary from optic to optic, are non-trivial and can modify the rocking curve and refocused

shape significantly. Nonetheless, such strain-induced effects are independent of G orientation

and the following discussion gives valuable insight into the effects of crystal miscut.
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Figure 6.8. The angular spread due to combined geometric errors for both a point (top) and 1-mm

diameter (bottom) source size as a function of clock angle for several miscut magnitudes. The

analyzer is taken to be a 100-mm diameter SBCA with 1-m radius of curvature. A clock angle of
0° corresponds to 50 oriented in the Rowland-plane tilted towards the source-side of the circle,

90° corresponds to 50 tilted out-of-plane upwards, etc. A clock angle of ¢ = 180° is shown to

minimize A8 at all 8z and miscut magnitudes a.

Calculations were run at several Bragg angles and miscut magnitudes for both a point source
and 1-mm diameter source size. When introducing miscut, the central source location is adjusted
along the Rowland circle such that the Bragg angle at the SBCA center is constant, allowing for

a functionally correct assessment of the consequences of miscut. To ensure reasonable
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computation times we employ a stochastic approach where an x-ray generated from a random
point in the source area strikes a random point on the SBCA. This process is repeated many
thousands of times.

The effective angular spread of the incident rays on the SBCA is shown in Figure 6.8, where
we have assumed the standard 100-mm diameter wafer bent to 1-m radius of curvature.
Calculations were also run for the pristine case (i.e., zero miscut) in order to provide a fair
distinction between contributing errors. We have defined the figure of merit, 46, to be the root
mean square deviation from the desired 65 of the actual incident Bragg angles across the SBCA
surface.

As expected, the effect of crystal miscut varies with ¢ and becomes more severe when 65 is
further from backscatter. For modest miscuts and Bragg angles close to backscattering, the

magnitude of this modulation is at most a factor of ~0.25 compared to the other geometric effects

and occurs when 50 is oriented out-of-plane. Most importantly, our calculations show that the

contribution from crystal miscut can be negated by proper choice of ¢. Interestingly, we find that

for ¢ =180° (60 in-plane slanted towards the detector) the angular spread is actually improved
upon by the addition of miscut. This is somewhat unexpected but is due to our allowance for
movement in source position. At ¢ = 180° the source location required to achieve an equivalent
Bragg angle is closer to the nominal backscatter location which in part lessens the geometric
aberrations discussed above.

One of the major benefits of SBCAs is their ability to refocus the analyzed radiation onto a
small spot, allowing for the use of smaller-area detectors and also providing outstanding

geometric rejection of stray scatter, hence it is important to determine the influence of wafer

miscut on the SBCA exit focus . We again use the ray-tracing code discussed above. With G
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Figure 6.9. The relative refocused positions on the detector face for randomly generated rays.
A 100-mm diameter SBCA with 1-m radius of curvature and 0.5° miscut, oriented at ¢ =180°,
working at 80° Bragg angle was assumed. Results are shown for several different source-size
diameters at two different detector constraints: a) the center of the detector lies on the line
determined by the x-axis of the source/sample (D’ in Figure 6.2); b) the detector face is tangent
to the Rowland circle (D” in Figure 6.2). In either case the out-of-plane spread is dominate and

comparable to the zero-miscut results (shown in red).
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being known across the analyzer surface the reflected ray is determined and traced back to a
specified detector plane. Again the penetration of x rays into the crystal before reflection is not
accounted for. These penetration depths, however, are small on the scale of the total travel
distance and thus do not significantly affect the refocused position.

In Figure 6.9 we present ray tracing results for several source-size diameters. A 100-mm
diameter SBCA with 1-m radius of curvature and 0.5° miscut, oriented at 180° clock-angle,
working at 80° Bragg angle was assumed. Results are shown for two different detector
constraints. In Figure 6.9a the detector center is constrained to lie along the x-axis of the source
(position D’ in Figure 6.2). We also present the case in Figure 6.9b where the detector face lies
tangent to the Rowland circle (position D”') to demonstrate that focusing is recovered.

For comparison we overlay the shape of the full refocused beam for a pristine analyzer (red
line). From these plots we see that in-plane focusing is strongly influenced by miscut orientation.
The same is not true of the out-of-plane displacement where the increase from the pristine case,
in which the spread is due to approximated spherical bending, is minimal. The out-of-plane
spread, however, is dominant in magnitude compared to the in-plane direction even when
working at the slightly off-circle position. The same considerations for detector size are thus
clearly present regardless of miscut.

As a final test of spectrometer performance in the asymmetric Rowland configuration we
present in Figure 6.10 a comparison of a Ni K emission spectrum taken in the asymmetric
configuration without a two-axis tilt to a Ni KB emission spectrum instead recorded in the
symmetric Rowland geometry which incorporates the two-axis tilt. After correcting for the
energy shift caused by detector offset, the two setups produce nearly identical resolutions and

count rates (4270/s for the symmetric configuration and 3920/s for the asymmetric). This result,
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Figure 6.10. A comparison of peak normalized Ni K spectra collected with both symmetric and
asymmetric correction Rowland geometries. For clarity of presentation the second spectra has
been offset as indicated. The two datasets show near perfect agreement. The green curve shows
the residual between the normalized spectra. Absolute peak count rates are 4270/s for the
symmetric configuration and 3920/s for the asymmetric. Both spectra were collected at 15

seconds of integration per point in 0.1 eV steps.

combined with the analysis above, validates the asymmetric design by showing that the
motorized tilt degrees of freedom can be removed without detriment to data quality for

nonresonant XES using SBCAs relatively near to backscatter.

6.6 CONCLUSION

In summary, we propose and demonstrate that the ubiquitous two-axis tilt assembly used to
align SBCAs can be eliminated by careful orientation of wafer miscut in an asymmetric Rowland
geometry. This scheme delivers equivalent performance to the typical symmetric Rowland

configuration when working near backscatter while providing clear benefits to instrument design,



107

maintenance, and operations. We show that this design simplifies SBCA initial alignment while
also providing extremely reproducible positioning upon reinstallation. We hope that the
streamlined and singly-required alignment procedure of the asymmetric Rowland configuration

lower the technical barrier to further implementations of lab-based advanced x-ray spectroscopy

using SBCAs.
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Chapter 7. VALENCE-TO-CORE X-RAY EMISSION: PAST

LESSONS AND FUTURE DIRECTIONS

7.1  THE HISTORY OF X-RAY ABSORPTION SPECTROSCOPY

In the current landscape, the field of x-ray absorption spectroscopy (XAS) occupies a position
of broad scientific scope and technological importance. This footing, however, was not easily
achieved. While the roots of XAS extend back to the first observations by de Broglie in 1913,%6
the first 60 years of its life was spent as a topic of fundamental research with limited opportunity
for application. It was not until the 1970s, with the establishment of several electron storage
rings for dedicated synchrotron radiation experiments,?**2%¢ that XAS became a methodology
with steadily growing reliability, availability and, especially, breadth of impact. Since that time a
tremendous amount of work and resources have gone into building synchrotron lightsources, and
more recently x-ray free electron lasers, around the world.?¢7-2¢

The theoretical understanding of XAS has been similarly fraught. Settling the central
conceptual issue of the locality of the interrogated density of states was a nearly 50 year battle.?”
The discovery of the ‘EXAFS equation’,’’! effectively casting the extended absorption
oscillations as a single- or few-scattering process, was merely the first shot which launched
several decades of work in finding optimal descriptions of the phase shifts due to atomic and

272281 The establishment of reliable theoretical predictions and

inter-atomic potentials.
interpretations for oscillations in the main body of the near-edge fine structure required, first, a
simplified computational framework for the influence of full-multiple scattering and, second, a

careful treatment of core-hole effects.?’? While a number of these issues have been settled, others

are still matters of contemporary research. Chief among these is the interpretation of pre-edge
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features, especially those coupled to charge-transfer effects or other dynamical rearrangement of
charge density that go beyond ‘typical’ excitonic effects induced by the core-hole potential 282-288

The history of XAS hence represents a clear example of a reoccurring lesson in science: the
growth of any analytical method requires parallel development in each of instrument technology,
cross-technique validation, and theory. Indeed, due to the lack in each of the prior three criteria,
few could have seriously imagined in the early 1970s that XAS would evolve to the point where
it is now routinely used to solve forefront problems in metallorganic chemistry or that it would

172-192, 289-297

become a work-horse for industrial and fundamental research in catalysis and

150-171, 198-201,

electrical energy storage, 203-206, 209-214, 298-302 {4 pame only a few prominent

examples.

7.2  THE PRESENT STATE OF X-RAY EMISSION SPECTROSCOPY

Following in the technical and, to a growing extent, historical footsteps of XAS, x-ray
emission spectroscopy (XES) has over the past few years emerged as an important new

spectroscopic tool, spreading from the realm of fundamental condensed matter science to, e.g.,

28, 106-110, 296 21-24, 33, 35, 116

applications in catalysis, electrochemistry,**-% biological sciences.
While the semi-core and deeper core transitions involved in XES are often reasonably well
described by atomic multiplet approaches due to the extreme localization of the atomic-like
initial and final states, the situation is markedly less clear for those transitions involving valence
electron density of the host species or ligands.

As the name suggests, this valence-to-core (VTC) x-ray emission involves the filling of a deep
core-hole via de-excitation of valence-level electronic states. The valence orbitals, with energies

within a few eV of the Fermi level, are the most sensitive to the chemical environment and

therefore VTC-XES has much greater sensitivity to local coordination effects than do diagram
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lines involving only deeper core shells. While there are various other chemical spectroscopy
techniques (e.g., x-ray photoemission, x-ray absorption, Raman, efc.), there exist a number of
fine issues of local structure that are best addressed through VTC-XES. A recent, well-known
example is the identification the central atom in the nitrogenase iron-molybdenum cofactor
central dinitrogen reduction in biological and industrial catalysis.!'® From the most general
perspective, VTC-XES should be viewed as a natural complement to the pre-edge and white-line
regions of XAS, in that VTC-XES is sensitive to the occupied, rather than unoccupied, states. At
the same time, VTC-XES comes with a certain advantage in that, due to the final-state rule,
theoretical treatment of VTC-XES may be somewhat simplified because of the absence of a core
hole after emission.

Again, following the developmental history of XAFS, and all other modern spectroscopies,
when the applications and demands of VTC-XES expand, so too must the supporting
infrastructure in experimental apparatus and methodology and validation of theory. While the
early stages of growth in XES have benefitted from the pioneering work conducted at several

synchrotron end-stations,?: 24 32 63, 64,245, 249

the relative scarcity of these dedicated beamlines is a
serious hurdle to routine application. In Chapters 4-6 of this dissertation, we have documented
progress made in the development and refinement of laboratory-based instruments for XES
studies. Here, using this equipment at the University of Washington, we present a high-quality
VTC dataset of several inorganic Fe and Zn compounds. These compounds provide an
interesting range of local electronic and atomic structure while retaining sufficient structural

simplicity such that theoretical treatment should not, a priori, be challenged by material

complexity.
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To date, the most successful models are those based on density functional theory (DFT).
Different implementations, however, often differ in significant ways (treatment of electron
exchange-correlation, basis sets, real vs. reciprocal space, inclusion of relativistic effects, etc.).
We therefore present a critical assessment of several state-of-the-art DFT-based electronic
structure codes in the context of this new experimental dataset. Though the proper choice of
theoretical method may vary from application to application, the present investigation will
establish a base-level identification of strengths and limitations of the various approaches.

We note that we are not the first to seek a better understanding of the validity of theory in order
to expand the range of application of VTC-XES. In recent years, the DeBeer group and
collaborators have embarked upon a course of study aimed at establishing the information
content available in VTC-XES of complex molecular inorganic systems.? 3% 196110 Here the
ultimate goal has been the use of DFT to develop an understanding of chemical information in a
molecular orbital framework. In Section 7.6.3, we compare and contrast this theoretical work to

our own conducted in the present study.

7.3  LABORATORY-BASED VTC-XES

Although VTC features were first observed in the laboratory as early as the mid-1930s,3%6-3%% it

is only in recent years that laboratory-based equipment has been employed in chemical studies.®
Here we employed a Rowland-circle spectrometer developed at the University of Washington.?*%
258,239 Despite using at most only 10 W of total electron beam power in the x-ray tube, this
instrument achieves count rates and resolutions comparable to those of monochromatized
bending magnet beamlines at third-generation synchrotrons. This impressive performance is due
to the fact that non-resonant XES does not require monochromatic input; at energies sufficiently

above the binding edge, the spectral shape is independent of the exciting energy.'?’ As such, each
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Figure 7.1. A representative KP spectrum for Fe metal. Data is extended well above the Fe K-
edge (7112 eV) to identify the noise floor. From these measurements we see the background

counts (~0.2/s) are 200 x times below than the weak K3, 5 VTC feature.

fluorescence or bremsstrahlung x-ray photon having energy above the desired core-electron
binding energy can stimulate emission.

In addition to excellent count rate, this instrument has several key features advantageous in
recording high-quality XES data. First, as has been emphasized elsewhere,?* the small sample-
to-anode distance (~3 mm) results in high solid angle collection while maintaining a small
illuminated sample area such as is important for preserving energy resolution. Consequently, a
very high flux is achieved even for modest beam power.

Second, the refocusing Johann geometry*’ combined with an energy-resolving, solid-state
detector for rejection of harmonics results in ultra-low backgrounds. For example, in Figure 7.1
we demonstrate that the noise floor is a factor of ~200 below the very weak VTC Kf2;5 line in

metallic Fe.
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Figure 7.2. Normalized Zn Kf13 spectra at the optimal and an extreme misaligned (700 pm)
sample location. Also shown is the residual intensity between the two curves (gray line). In this
absence of the on-circle, 0.5-mm wide entrance slit, this misalignment would correspond to a

relative shift of ~900 meV. Here, the two spectra agree so well as to be nearly indistinguishable.

Third, this instrumentation has demonstrated very high precision in the reproducibility of
energy scale between samples, see Figure 7.2. As small shifts in the location of emission features
is indicative of changes in chemical state, this robust energy scale is of critical importance to the
theoretical comparison presented later in this chapter. This is accomplished by constraining line-
of-sight between sample and analyzer with a fixed, on-circle entrance slit (0.5 mm width). This
addition removes the sensitivity of the energy scale to small, lateral shifts in the sample location,
such as is practically unavoidable when switching between samples. The full details of this

9

method can be read elsewhere,”’ including Chapter 5 of this dissertation. Based on those

methods, we estimate a consistent to within 25 meV for all spectra in the present study.
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7.4  EXPERIMENTAL DETAILS

All samples for this study were prepared from high purity powders (99.9% or better) from
Sigma Aldrich or Alfa Aesar, the exception being the Zn and Fe metal samples which were foils
(99.9%) from ESPI Metals. The XES spectrometer has been discussed in detail elsewhere.?>% 2%
Briefly, sample fluorescence was stimulated sample via output from an Au-anode, commercial x-
ray tube (MOXTEK, Inc.) operated at 40 kV bias and 200 pA current. Sample fluorescence was
analyzed using 10-cm diameter, spherically bent Ge (555) and Ge (620) crystals for Zn and Fe
respectively, each with a 1-m radius of curvature (XRS Tech, LLC). Analyzed x-rays are
detected with a silicon drift detector (Amptek, Inc.), and a region of interest of a few hundred eV
was set to strongly reject background signal. Data was recorded in 0.25-eV steps with 30-50 s of
integration per point in the K13 region and 100-160 s/point for the VTC.

We note that the spectral resolution is poorer for the Fe compounds than it is for Zn (where it is
close to core-hole limited). We believe this result stems from defects in the Ge (620) optic
leading to increased bandwidth. Nonetheless, the performance is sufficient to cleanly resolve key
features in the VTC spectra.

As DFT can be ill-equipped to model the core-to-core K13 emission, due to difficulties in
correctly estimate 3p-3d splitting, the intensity contribution of these lines are typically subtracted
out in the valence region for comparison of theory to experiment. To this end, each full spectrum
was fit to a series of pseudo-Voigt functions and a constant background using the Blueprint XAS
package.’® 3% In addition to the main KBi3 and valence features, we include extra curves to

19698 and the radiative

model the multi-electron excitation peaks (KLP) above the Fermi-leve
Auger satellites” in the intermediate area as such features are not accounted for in the base

theories. For the Zn spectra an additional pseudo-Voigt function is included to model the
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Figure 7.3. The raw (blue) and isolated (red) spectra for Fe and Zn metal VTC spectra. Each full
Kp spectra is fit to a series of pseudo-Voigt functions and the contributions from the Kf13 lines
(dashed black), elastic scatter, radiative Auger emission, and multi-electron excitations are
removed to isolate the VTC features. These background contributions are shown collectively as

the dashed-green lines.

elastically scattered Au Lo line originating from the tube anode. The width and position of this
curve was constrained to be consistent across all samples. To emphasize the valence region in
fitting, it was assigned a weighting of 6:1 relative to the Kf1,3. Representative results of this

procedure are shown for Fe and Zn metals in Figure 7.3.
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7.5 THEORETICAL DETAILS

We perform calculations using three state-of-the-art, ab intio electronic structure packages:
Quantum ESPRESSO,!** FEFF,'""! and NWChem.'*” At the time of publishing this dissertation,
NWChem calculations have been performed only for the Zn samples. While each of these codes
has a basis in DFT, they are built around distinct treatments leading to unique calculations as we

will discuss in Section 7.6. We briefly discuss the methodology for each implementation below.

7.5.1  QUANTUM ESPRESSO

Calculations were performed within the generalized gradient approximation-DFT framework
using ultra-soft pseudo potential with 125 Ry energy cutoff implemented in the Quantum
ESPRESSO (QE) package with adequate k-point sampling for convergence with the PBE
correlation and exchange.!**3!! We calculate the off-resonant SXE spectrum assuming the 'final-
state rule' which assumes a filled core-hole and a screened valence-hole. The spectra calculated
here consider only dipole contributions to the transitions and are thus due to p-type projection of
the density of states (DOS). To simulate the natural core-hole lifetime broadening and
experimental resolution, the calculated stick spectra were Lorentzian broadened by 6.0 eV and
2.5 eV for Fe and Zn respectively. Each spectrum was then shifted independently in energy to
align with experiment. It should be noted that the calculated spectral widths tend to be

unphysically compressed due to the well-known problem of DFT underestimating the band

ga'p‘312

752  FEFF

Theoretical spectra were simulated using a full multiple scattering method implemented within

the FEFF 9.6 code.'*!> 313 The potentials were calculated self-consistently using a 5.0 A cluster.



117

The spectra were calculated using a full multiple scattering radius of 6.0 A. The initial core-state
energy levels were calculated using the final self-consistent potential. This modification is
intended to provide more accurate relative chemical shifts, although the results were somewhat
inconsistent as we will discuss in Section 7.6. Here, both electric dipole and quadrupole
transitions were included. Following the standard practice for XES, these calculations were
performed with no core-hole. For comparison to experiment, these results were convolved with a
Lorentzian (4.5 eV for Fe and 0.5 eV for Zn) and shifted independently in energy to match
experiment. FEFF also includes calculations for the main Kfi; lines, but these contributions

have been removed for the sake of comparison.

753 NWCHEM

The VTC-XES approach in NWChem is based on linear-response time-dependent density
functional theory (LR-TDDFT).>!* First a neutral ground state calculation is performed, a full
core hole (FCH) ionized state is then obtained self-consistently where the 1s core orbital of the
transition metal (TM) absorption center is swapped with a virtual orbital combined with the
maximum overlap constraint to prevent core hole collapse. A LR-TDDFT calculation, within the
Tamm-Dancoff approximation (TDA), is then performed with the FCH reference state to
simulate the VTC emission process. This approach allows one to go beyond the single-particle
picture as all orbital pairs with significant contributions to the emission process are included
naturally. To describe excitations beyond the dipole approximation, higher-order contributions
are included in the calculation of the oscillator strengths.

All systems were represented with finite clusters constructed from crystal structures obtained
from experiment. The Los Alamos effective core potential (LANL2DZ)*">3!8 and associated

basis sets were used for all the atoms (Zn, Cl, S, O) except the Zn absorbing center in each
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system which was represented with the Sapporo-TZP-20123!" full potential all electron basis set.

The PBEO exchange-correlation functional®?

was used for all calculations. For comparison to
experiment, each calculated spectrum was convolved with a 2.0 eV Lorentzian and energy

shifted. We note that, in contrast to the QE and FEFF results, this shift was constant across all

samples indicating an accurate accounting for chemical shifts.

7.6  RESULTS AND DISCUSSION

Before we delve into a comparison of the various theories in great detail, it is important to note
the existence of self-absorption effects in the experimental data. As shown in Figure 7.4, the
K2,5 emission peak often straddles the rising K-edge. This creates an important systematic effect
in thick samples; fluorescence above the absorption edge is preferentially quenched when
escaping outward from the sample bulk. Due to the fine structure modulations in absorption, and
in some cases strong pre-edge features, this effect often distorts spectral shape in significant
ways. As an example, self-absorption causes the apparent asymmetry in the K25 peak of Fe
shown in Figure 7.4.

In principle, sample self-absorption is correctable if the absorption coefficient, as measured in
x-ray absorption spectroscopy, and sample thickness are known. An accurate correction,
however, requires high precision in the relative energy scale between emission and absorption
measurements. This is highly nontrivial as different instrumental setups are required for each
type of measurement, and we do not attempt a correction for the data presented in this study. As
such, we only consider the performance of our calculations only below the nominal edge

energies (7112 eV for Fe and 9659 eV for Zn).
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Figure 7.4. The VTC emission (solid, blue) and absorption coefficient (dashed, black), u(E), of
metallic Fe. Here the K325 emission feature straddles the rising K-edge absorption resulting in

distortions in the spectral shape.

7.6.1 IRON-RICH SAMPLES

With this in mind we present the results for several Fe-rich samples in Figure 7.5. Overall, we
see good reproduction of the experiment by both theories. We note that the QE and FEFF
calculations produce similar spectra with nearly identical splitting between the K25 and K"
peaks, the latter being a cross-over feature originating from ligand orbital with metal-p character.
The magnitude of this splitting, however, appears to be slightly underestimated especially in the
case of Fe2O3 and Fe;O4. Such a compression is a well-known problem in DFT, arising from
difficulties in correctly predicting the band gap.’'? In the case of FeS, QE misses the cross-over

peak entirely, which we believe to be an issue of the DFT misidentifying the character of the
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Figure 7.5. Experimental (blue dots) and calculated Quantum ESPRESSO (red) and FEFF
(green) valence-to-core spectra for various Fe compounds. For comparison, the theoretical
results have been broadened as described in the text and shifted to align with the main peak.

Experimental data has been offset as indicated.
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Figure 7.6. The dipole (red) and quadrupole (blue) contributions to the FEFF calculation for

Fe2O3. For emphasis, the quadrupole term is shown with filling to the axis.

state. In general the intensity of this feature tends to be under-predicted with respect to FEFF.

As FEFF contains electric dipole and quadrupole terms in calculation, its close agreement with
QE is suggestive of only very weak quadrupole contributions. In Figure 7.6, we present a
separation of each term in the FEFF output for Fe>Os, confirming this assertion. The intensity of
the quadrupole features is similarly negligible across all Fe-rich samples. As we will discuss in
Section 7.6.2, for some compounds the quadrupole term can be quite significant and therefore
the determination of which terms to include in calculation must be considered on a sample-to-
sample basis.

Again, we stress that the required energies shifts to align calculation with experiment are
inconsistent across samples, with a relative spread 3.5 eV and 10.6 eV for QE and FEFF
respectively. As seen from this dataset the relative positioning of VTC features is not fixed, with

real, physical shifts occurring due to changes in chemical state, particularly oxidation. This



122

9640 9650 9660 9670 9640 9650 9660 9670
1.2} ® Experiment ': - Zn]t ; Kﬁz Zn0 ] 12
1OF | — FEFF
08F| — NWChem

19} % ZnS]t ZnCl 12

Normalized Intensity

9640 9650 9660 9670 9640 9650 9660 9670

Energy (eV)
Figure 7.7. Experimental (blue dots) and calculated Quantum ESPRESSO (red), FEFF (green),
and NWChem (purple) valence-to-core spectra for various Zn compounds. For comparison, the
theoretical results have been broadened as described in the text and shifted to align with the main

peak. Experimental data has been offset as indicated.

deficiency is therefore a topic that must be addressed in order to establish a robust, ab initio

interpretation of experimental spectra.

7.6.2 Z/N-RICH SAMPLES

The Zn compound results are shown in Figure 7.7. We see that the VTC region differs from
that of the Fe samples in significant ways, chief of which is a now resolvable splitting between
the KB> and Kps lines. In Fe, and indeed most 3d-transition metals, these two features are

indistinct due to core hole broadening and are thus referred to together as KB 5. The origins of
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Figure 7.8. The full dipole (red), isolated KPs-dipole term (green) and quadrupole (blue)

contributions to the FEFF calculation for ZnO. These calculations indicate the Kfs term
originates from states of both metal 4p and 3d character.

1

the weak KPs line, which was first investigated in the earlier twentieth century,*?! remains a

subject of modest debate. While it is generally regarded as quadrupole-allowed transitions from
state of metal 3d character,> 2% 3% 322 it has recently been suggested that the major contribution
could come instead from dipole allowed 4p-type states from neighboring atoms.>’

Motivated by this debate, we present in Figure 7.8 the electric dipole and quadrupole
contributions to the VTC spectrum of ZnO as determined by FEFF. As the Kfs sits atop the tail
of the KB> line, we isolate the KPs dipole contribution for an accurate comparison. These
calculations suggest that the above interpretations of KBs origin are individually incomplete and
that both terms can contribute significantly to the overall intensity.

We return now to a comparison of the three calculations shown in Figure 7.7. Outside of the

missing quadrupole contribution in QE, we again see similar predictions made between it and
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FEFF in terms of splitting between features. As was the case for Fe, the magnitude of these
splittings, particularly between K2 and Kfs, appear to be underestimated.

In contrast, the NWChem results do an excellent job of reproducing the relative spacing of
experimental features. We note that unlike the calculations for QE (3.2 eV spread) and FEFF (6.3
eV spread), the NWChem predictions require a single, consistent energy shift across all samples
to align with experiment. As discussed in Section 7.6.1, the ability to reliably predict relative
energy shifts across sample chemistries is an important feature in VTC-XES analysis and hence
this is a significant result in characterizing NWChem performance. The only potential drawback
of this code is the prediction of an apparent unphysical peak at ~9646 eV for pure Zn. We

believe this feature may be an artifact of the finite cluster size used in calculations.

7.6.3 COMPARISON TO PREVIOUS RESULTS

As discussed in Section 7.2, a body of previous theoretical work has been conducted on
inorganic molecular systems. In these studies, time-dependent DFT calculations were applied
within the ORCA quantum chemistry package.!*® The full details of their methodology can be
found elsewhere.!%® 323 Overall, the strength and weaknesses of these calculations in reproducing
experiment match well with our own results discuss above. In general, the ORCA-DFT results
have been reported to successfully track relative intensities of VTC features.® 3> 106 108 Whjle
the absolute energy scale can deviated significantly, the relative energy scale, both between
features within a single spectra and when comparing chemical shifts across samples, tend to
show excellent agreement much like the NWChem predictions.*> 1% In some cases, however,
this code has been shown to predict features which are apparently absent in the experimental
data.®> Due to difficulties in removing the K13 background, it is unknown if there perhaps exist

very weak features at these locations.
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7.7  CONCLUSION

In summary, we have presented a high-quality VTC-XES dataset of several inorganic Fe and
Zn compounds thus demonstrating the high potential of laboratory-based equipment for routine
chemical studies. Using this dataset, we evaluated several state-of-the-art DFT-based electronic
structure codes each built around distinct theoretical treatments. While each did a fair job of
modeling experimental spectra, we found a number of important features (relative chemical
shifts, importance of higher-order transitions, energy splitting, etc.) that distinguish their
performance. We predict that our results will have broad applicability to future VTC studies and

will help accelerate the development of XES as a technique on par with XAS.
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Chapter 8. A VERSATILE MEDIUM-RESOLUTION X-RAY

EMISSION SPECTROMETER FOR DIAMOND ANVIL
CELL APPLICATIONS

Originally published as: D. R. Mortensen, G. T. Seidler, J. A. Bradley, M. J. Lipp, W. J. Evans,
P. Chow, Y. M. Xiao, G. Boman and M. E. Bowden, Review of Scientific Instruments 84 (8), 4

(2013).

We present design and performance details for a polycapillary-coupled x-ray
spectrometer that provides very high collection efficiency at a moderate energy
resolution suitable for many studies of nonresonant x-ray emission spectroscopy,
especially for samples of heavy elements under high pressures. Using a single Bragg
analyzer operating close to backscattering geometry so as to minimize the effect of the
weak divergence of the quasicollimated exit beam from the polycapillary optic, this
instrument can maintain a typical energy resolution of 5 eV over photon energies from
5 keV to 10 keV. We find dramatically improved count rates as compared to a
traditional higher-resolution instrument based on a single spherically-bent crystal

analyzer.

8.1 INTRODUCTION

Nonresonant x-ray emission spectroscopy (NXES) has proven to be a powerful method for

investigating f-electron behavior under high pressure.'?”- 32327 While spherically-bent crystal

69-71

analyzers®?® and other high-resolution “direct” diffractive crystal configurations ideally

suited for the resolution requirements (<1 eV) of resonant x-ray emission and resonant and

16, 61, 62, 128, 235, 246, 247, 329, 330

nonresonant inelastic x-ray scattering experiments are also widely
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used in NXES measurements, the large core-hole lifetime for, e.g., lanthanide 2p excitation
(I core-hole ~ 3.7 - 4.9 eV) suggests that lower-resolution methods having higher collection solid
angle can also prove beneficial.

Building on the work of Szlachetko, et. al.,*>*!"33% we describe here the design and operation of a
polycapillary-coupled spectrometer that works near to a backscattering geometry from a single
Bragg analyzer, thus maintaining a typical resolution of 5 eV over a wide energy range.
Although this approach increases the overall footprint of the spectrometer and places demands
on the experimenter to fabricate several suitable Bragg analyzers, the instrument obtains energy
resolutions similar to the previously proposed double-analyzer system >*? while eliminating the
factor of ~20 loss caused by the second Bragg reflection and greatly simplifying spectrometer

operation.

8.2 INSTRUMENTATION

In Figure 8.1, we show a sequence of 3-D renderings of our spectrometer design. Note that the
instrument operates in the horizontal scattering plane, unlike an earlier, prototype design;** this
has several practical benefits, especially as regards the ease of repositioning and mounting of
components. Figure 8.1(a) shows the radiation flight paths. The polycapillary optic collects and
collimates fluorescence emanating from the sample. Our polycapillary half-lens (XOS, Inc.) has
a working distance of 8.5 mm, a capture angle of 16 degrees, an estimated transmission
efficiency of 22% (measured at 8 keV), and an output beam size of 7.8 mm. The focal spot size
of ~50 pm is a good match with the typical illumination size in diamond anvil cell (DAC)
studies, where small samples are used to ensure pressure homogeneity.

To minimize the contribution from elastic scatter, the spectrometer is aligned at 90 degrees to

the (horizontally-polarized) incident beam. A flat crystal analyzer in the Bragg geometry is used



128

a C ~
e 2-D Pixel - F He Enclosure
/ Dectector g \
Incident AJin=—"N Reaton
Beam [ S =
/Samplc
Collimated Beam
— ) : ! 1
\Palycapﬂiary Bragg Analyzer/ - i - { Spectrometer
Optic XYZ Stage
(b)
Small
Ionization
Chamber
Sample Silicon Drift
Detector

Figure 8.1. Top view of a 3-D rendering of the spectrometer showing: (a) the radiation flight
paths, including the range of directions of diffracted beams as the analyzer crystal is rotated, (b)
the detectors used to align the optic and characterize total fluorescence transmitted through the
polycapillary lens, insert shows dimensions of the optic used in experiment, (c¢) full instrument,

(d) installed instrument at beamline 16-ID-D of the Advanced Photon Source.

as the energy-dispersive component. The large distance between the analyzer and polycapillary
output (~50 cm) is needed to ensure sufficient clearances for beam-paths and detectors when
working near backscatter from the analyzer crystal.

We use a Pilatus100k detector (Dectris) to measure the diffracted intensity. The large active
area of the 2-D position sensitive detector (PSD) allows the detector to remain stationary while

covering 7 degrees of Bragg angle, thus decreasing the mechanical requirements and increasing
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the ease of operation. Background scatter was constrained by careful shielding and also by
synchronously scanning the region of interest on the 2D-PSD with the analyzer’s Bragg angle.
Alternatively, a scintillation detector, large diode, or other single-pixel detector can be mounted
on a linear translation stage at the detector position and, again, synchronously scanned with the
rotation of the Bragg analyzer.

The polycapillary lens is aligned using a strongly fluorescing sample, such as a Ni or Fe wire
(~500 pm for our experiment), monitored by a PIN diode (Figure 8.1(b)) to measure the
collimated signal with the crystal analyzer removed from the radiation path. With the fluorescing
sample aligned to the beam the polycapillary is iteratively scanned along both the beam and the
two orthogonal directions until the transmitted intensity measured on the PIN diode is
maximized. This procedure defines an intersection of the optic focus with the incident beam to
which the DAC samples can then be aligned.

Due to the combination of the small focal size of the polycapillary and, for the high-pressure
studies presented here, a small sample size, beam drift becomes an important concern. It is
therefore useful to monitor the total sample fluorescence exiting the polycapillary. A detector in
such a location will naturally compensate for the fractional sample illumination that is coincident
with the focal volume. In the present design (Figure 8.1(b)) we inserted a weak absorber into the
collimated beam, with a silicon drift detector to measure subsequent scatter. The signal,
however, proved to be too low to be of statistical value. The instrument will soon be modified to
include a small gas ionization chamber directly behind the polycapillary output and in front of
the entrance to the He enclosure (Figure 8.1(b) and Figure 8.1(c)). While the ion chamber is

unable to discriminated between fluorescence signal and elastic background, the confocal nature
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Figure 8.2. Sample La Ly spectrum using a Ge 333 Bragg analyzer. The data is taken at a
pressure of 10.0 GPa with an energy spacing of 0.30 eV and an integration time of 30 s per point,

so that the total measurement time is 54 minutes. The count rate at the peak of the emission line

1s ~500/sec.

of the optic combined with the dominance of the photoelectric cross section for concentrated
samples and suppression of the polarization factor gained by working perpendicular to the
horizontally polarized incident beam reduce the elastic signal to a negligible level compared to
total fluorescence from any concentrated sample.

The complete spectrometer is illustrated in Figure 8.1(c) and shown in Figure 8.1(d). To reduce
absorption losses, a helium space is inserted between the optic, analyzer, and detector. The

enclosure is made by welding together two Al 6061 alloy rectangular tubes and covers a Bragg
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range of 70-84.5 degrees. A similar enclosure covering 58-75 degrees has also been fabricated.
The windows are sealed with a 25-pum thick polyimide film. The positioners for the collimating
optic are decoupled from the main spectrometer body and its support motors, etc., resulting in a
robust design where instrumentation on the spectrometer itself can be manipulated and adjusted

without affecting the polycapillary alignment.

8.3  PRELIMINARY RESULTS AND DISCUSSION

Measurements of La Lyl NXES were performed at sector 16-ID-D (HP-CAT) of the Advanced
Photon Source. The Bragg analyzer was cut from a Ge 333 wafer. An incident energy of 11.3
keV with a flux of approximately 10'? photons/s was used. An elemental La sample (~70 pum
diameter) was loaded under dry nitrogen into a Be gasket in a panoramic DAC having a 300 um
culet. Pressures were measured using an online ruby optical fluorescence system. A
representative NXES spectrum taken at 10.0 GPa is shown in Figure 8.2. Data were taken with a
measurement time of 30 seconds per point and a spacing of 0.02 degrees in Bragg angle or
equivalently 0.3 eV in energy. A peak count rate of ~500/s was obtained with an energy
resolution of ~6 eV. Compared to several earlier lanthanide L,i measurements made with a
single spherically bent crystal analyzer (SBCA) at the same beamline, we find approximately 20
times higher count rates for the polycapillary-coupled spectrometer. This is somewhat larger than
the expected theoretical benefit from the respective spectrometer components and geometries;
the ‘excess’ advantage is likely due to the well-known practical difficulties in fabrication of
SBCAs and in maintaining perfect large He spaces.

While the short working distance of the polycapillary optic used in this study may prove
incompatible with more highly constrained DAC geometries, lenses with smaller diameters or

larger working distance can be used instead, albeit with a corresponding loss in solid angle. For
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Figure 8.3. Selected reflections near backscatter for lanthanide Ly fluorescence. Horizontal lines
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440), with ~5 eV being typical.
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using a Si 555 Bragg analyzer. The red dots and blue line represent experimental data and a

Gaussian fit respectively.
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example the optic used in our earlier spectrometer design®* satisfies the constraints of a standard
Princeton symmetric cell while surrendering only ~30% in collection efficiency. Finally, the
selection of Bragg analyzer reflections close to backscatter must be discussed. As a
representative example, all lanthanide L, emissions can be covered by a few Si and Ge
orientations>*® (see Figure 8.3). Energy resolution is based primarily on the energy-dependent
divergence angle of the quasi-collimated beam and can be estimated by error propagation in
Bragg’s law. The vendor-supplied simulated divergence for the optic used in our experiment?’ is
shown in Figure 8.4(a). Measurements made on elastic scatter at 10.3 keV were fit to a Gaussian
function yielding an energy resolution of 5.6 eV (see Figure 8.4(b)). This translates to a
divergence of 1.9 mrad, which is lower than the estimate of 2.6 mrad presented in Figure 8.4(a).
Using the conservative parameters provided in Figure 8.4(a) the anticipated energy resolution for
the Si and Ge configurations in Figure 8.3 vary from a best case of 3.1 eV for La with Ge 333 to

a worst case of 7.3 eV for Pm with Si 440 with ~5 eV being typical.

8.4  CONCLUSIONS

In summary, we have demonstrated that a simplified polycapillary-coupled spectrometer based
on a single high-quality Bragg analyzer can maintain useful energy resolution and superior count

rates for nonresonant XES studies of heavy elements in high-pressure environments.
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Chapter 9. NON-RESONANT X-RAY EMISSION SPECTROSCOPY:

INSIGHTS INTO THE BEHAVIOR OF 4F-ELECTRONS
DURING VOLUME COLLAPSE

The text of this chapter is a preliminary discussion of new experimental and theoretical work by
D. R. Mortensen, W. T. Chiu, M. J. Lipp, G. T. Seidler and R. T. Scalettar. Special credit is

given to W. T. Chiu for his work on the theorectical calculations presented here.

Using the satellite structure of the Ly; line in non-resonant x-ray emission spectra, we
probe the high-pressure evolution of the bare 4f moments of the early light lanthanides
at ambient temperature. For Ce and Pr this satellite peak experiences a sudden
reduction concurrent with their respective volume collapse transitions. The partial
persistence of this feature (~70% for Ce and 60% for Pr), however, still argues
qualitatively in favor of the Kondo volume collapse model. These results are supported
by theoretical results from state-of-the-art extended atomic structure code. These
measurements emphasize the importance of studying microscopic observables to obtain
the most discerning test of the underlying, fundamental f-electron phenomenon at high

pressures.

9.1 F- ELECTRONS AND VOLUME COLLAPSE: HUBBARD-MOTT VS. KONDO

The chemistry of lanthanides is of critical importance to a wide number of fields such as

catalysis,>*’*% high-temperature superconductivity,>% 34!

and bioscience.’*? 33 Yet despite a
rich history of research and applications, a clear theoretical treatment of these materials remains

a fundamental challenge. The difficulty stems primarily from the underlying nature of f-electron

states. In materials with partially filled f shells, the electrons occupy narrow energy bands
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leading to strong correlations. These electronic interactions exist between the well understood
atomic and uncorrelated band limits and are responsible for a veritable zoo of exotic behaviors:

metal-to-insulator transitions,*** superconductivity,**> hidden orderings,>*°

etc. These properties
tend to show extreme sensitivity to small changes in local environment (e.g., temperature,
pressure, doping) and as such are difficult to predict.

A primary example of the trouble in modeling emergent phenomena in f-electron material is
the issue of volume collapse (VC); at high pressures several lanthanides are known to undergo a
first-order phase transition that results in large changes to the lattice constants. After decades of
study since the discovery of this phenomenon in Ce,**"* the mechanisms driving the VC are
still uncertain. Currently two general theoretical perspectives dominate the debate, each having a
distinct perspective on the relative importance of f-electron correlations and delocalization. The
first is the Hubbard-Mott (HM) model*>** %! in which high pressure increases the inter-atomic
overlap of initially localized 4f wave-functions to the point of driving hopping of electrons
between neighboring atoms, thus leading to an abrupt transition to a weakly correlated,
delocalized 4f band. The second, the Kondo volume collapse (KVC) model,*>?** instead
attributes the behavior to an exponential rise in the Kondo temperature with compression to
above the working temperature wherein the decreased unit cell volume effectively switches on a

dynamic screening of the 4f electrons by the broad valence bands.***>3%7 In contrast to the HM

model, the KVC model anticipates a continuous and prolonged delocalization.

9.2  PROBING THE BARE 4F MOMENT

While each of the HM and KVC theories has had notable successes in predicting experimental
observables for Ce, particularly macroscopic observables such as the equation of state,>*® 3> they

are cleanly distinguished by starkly contrasting expectations for the behavior of a foundational
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microscopic observable: the bare (i.e., unscreened) 4f magnetic moment. Upon crossing the VC
transition, the complete 4f itinerancy predicted by the HM model necessarily extinguishes the 4f
moment whereas the hybridization, leading to increased f-screening, of the KVC anticipates
much smaller effects on the hare moment.

Motivated by this distinction, Lipp, et. al recently presented a study of the pressure evolution
of the Ly (4d*? = 2p"?) non-resonant x-ray emission spectra (NXES) for metallic Ce across its
VC transition.*?® Analogous to the KB’ feature in 3d-transition metal NXES (see Section 1.4.2),
the Ly; line exhibits a lower-energy satellite feature (the so-called Ly;") arising from (4f,4d)
exchange. As such, the intensity of this emission provides a sensitive test of the bare 4f moment.
In this work, the intensity of this satellite peak was found to experience only a 30% drop across
the VC, which the authors argued offers strong support of the KVC picture.

Here, we report an extension of this methodology to La, Pr, and Nd trivalent metals. Together
with Ce these early light lanthanides, which exhibit nominal 4%, 4f', 4f2, and 4f> occupancies at
ambient conditions, offer a compelling test bed for distinguishing between the HM and KVC
models. Using the theoretical groundwork reported previously in Lipp, et. al,>?® we compared the
volume-collapsed NXES data of Ce and Pr to the predictions made by advanced, modified
atomic calculations. These results demonstrate both a sudden onset of 4f-conduction band
hybridization and a partial persistence of 4f occupation across the VC transition, offering strong
support of the KVC picture. Furthermore, we find that these results when interpreted for the
central microscopic observable, i.e., the bare 4f moment, disagree qualitatively (Ce, Pr) and
quantitatively (Ce, Pr, Nd) with prior state-of-the-art dynamic mean field theory (DMFT)

predictions.
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9.3 EXPERIMENTAL DETAILS

All measurements were performed at beam line 16ID-D of the Advanced Photon Source.
Samples (99.9% purity) were loaded into panoramic diamond anvil cells fitted with either 300-
700 um culet diamonds for lower pressures or 100 um flat beveled diamonds for higher
pressures. To prevent oxide formation each sample was loaded in a glove box flushed with dry
nitrogen and brought up to a low pressure to ensure a good seal. Pressure was measured by
optical fluorescence from ruby chips loaded with the sample. The incident beam (11.3-20.0 keV)
was brought through the diamond with the measured fluorescence escaping perpendicularly
through the Be gasket, measured in the scattering plane. La, Pr, and Nd NXES experiments were
conducted with newly developed polycapillary-based Bragg spectrometers.>*> 3 These
spectrometers use half-lens collimating optics coupled to flat crystal analyzers (Ge 333, Ge 440
and Si 440 for La, Pr, and Nd respectively) with either a scintillation (Cyberstar) or 2D pixel
detector (Dectris). All Ce Ly; NXES have been directly reproduced from Lipp, et. al.>*® All

spectra were normalized by incident flux and corrected for a linear background.

9.4  EXPERIMENTAL RESULTS AND PRELIMINARY DISCUSSION

We present the measured Ly; NXES spectra as a function of pressure for La, Ce, Pr, and Nd in
Figure 9.1. For clarity of presentation this data has been smoothed using a non-broadening third-
order Savitzky-Golay filter with a 5 eV window (comparable to the lifetime-limited resolution of
3.7-4.0 eV) and normalized to peak intensity. Raw data (without smoothing) is used in Figure 9.2
and data analysis below. Also shown is the highest pressure data subtracted from the lowest
pressure data for each element, so as to highlight the influence of pressure on the spectral shape.

From the data we can identify several important features. Before discussing these results,
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Figure 9.1. Experimental Ly, emission spectra normalized to peak intensity. A non-broadening,
third-order Savitzky-Golay smoothing filter of 5-eV window has been applied to each spectrum.

For clarity each element has been offset by 0.1. Also shown is the highest pressure data

subtracted from the lowest pressure data for each element (shaded green).

however, some brief context is needed on the known behavior of the light lanthanides under

pressure and on the underlying physics of the Ly; NXES spectra.
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First, under pressure the lanthanide crystal structures initially pass through a number of high-
symmetry transformations, consisting of different stacking sequences of close-packed layers,
later transitioning to low-symmetry early-actinide-like phases thought to be indicative of f-
electron bonding.*¢!*3 While in Pr this transition is accompanied with a large VC (~10%),%% 36+
3% Nd reaches its low-symmetry o-U structure entirely through smooth transformations.*®
Hence, Nd does not exhibit a VC transition. Ce is a unique case as it experiences a VC (15%)
that is iso-structural (fcc) and therefore unassociated with the high-to-low symmetry transition.
For this reason volume collapse is thought to be primarily an electronically-driven transition.

Second, as demonstrated in the work of Lipp, et al.,>?® NXES provides a sensitive measure of
the intrinsic 4f moment evolution in Ce. In Ly; NXES a high-energy photon, tuned well above
the L» (2p"?) edge, promotes a 2p electron into the continuum. The resulting core-level vacancy
is unstable and may be filled by a 4d*? electron accompanied by either photon emission (i.e., Ly
x-ray fluorescence) or the ejection of an Auger electron. When the lanthanide species has a
nonzero 4f-occupancy, a low energy satellite (commonly referred to as Ly:") appears below the
main Ly fluorescence peak due to intra-atomic exchange between the 4f and 4d orbitals, in close
analogy to the much better studied case of Kp x-ray fluorescence from the 3d transition metal
systems.!® The relative intensity and position of the Ly’ shoulder reflects the strength of the
coupling and is directly sensitive to the size of the ground state magnetic moment.>”°

Some care, however, must be given in demonstrating that this technique is a true probe of the
bare moment, i.e., is free of screening effects. It is important to note that the timescale of the
NXES event is set by the 2p core-hole lifetime (~1 fs) which strongly suggests a “snap-shot”
picture of the electronic configuration free from screening effects. Indeed for Ce it has been

explicitly demonstrated via extended local atomic calculations that there is a qualitative tracking
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between Ly’ intensity and the bare (J?) moment.*® This is further strengthened by the large
discrepancy between Ly’ changes and those observed in magnetic susceptibility (proportional to
the square of the screened 4f moment), with the latter decreasing by almost 80% across the VC
compared to only 30% for the former.?”" 372 Therefore NXES effectively measures the bare
moment of Ce. While these same susceptibility measurements have not been performed for Pr
and Nd, the comparable core-hole lifetimes suggest NXES remains a suitably fast probe,
unaffected by screening.

With these details in mind, we return to Figure 9.1. First, note that the La Ly; NXES spectra
show no Ly’ exchange peak up to 64.0 + 3.0 GPa, beyond the reentrant fcc phase starting at 60
GPa,’”® indicating no change from its nominally 4f° configuration. This null result indicates that
the changes observed in Ce, Pr, and Nd Ly’ peaks are physically meaningful and not the result
of systematic effects. That being said, La does display an apparent broadening of the main Ly,
peak (on the order of ~0.5 eV) with increased pressure. We propose that this effect, which to the
best of our knowledge has not been previously reported, is due to increased splitting in the
multiplet structure underlying to the Ly; peak. The changing spectral shape therefore likely
contains valuable information on the evolving 4d-electron interactions'?” and thus merits future
theoretical considerations.

Second, in contrast to La (4f°), Ce and Pr, which are nominally 4f' and 4f> at ambient
conditions, exhibit large and sudden decreases in Lyi' intensity concurrent with the VC
transitions (0.9 GPa and 20.0 GPa respectively). Taken naively this result could be used as
evidence in support of the HM model as described above. It must be noted, however, though that
the increased 4f-5d hybridization predicted by KVC invariably mixes the 4f electrons out of their

native orbitals, leading to deviations from the ground state electronic configuration; the
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Figure 9.2. The Ce Ly’ satellite below (red) and above (blue) the VC transition. Although the
satellite intensity is reduced above the collapse, a comparison to ambient pressure La (gray), for
which there is truly a zero 4f-moment, indicates a partial persistence of the feature. For
comparison the data have been normalized to peak intensity. Ce data has been reproduced from

M. J. Lipp, et al., Physical Review Letters 109 (19), 195705 (2012).32

hybridization causes a rise in the f**! configuration weights at the expense of the sharp, low-
pressure f" configuration. Indeed, this phenomenon has already been experimentally observed in
resonant inelastic x-ray scattering measurements.’’* 37> As each configuration carries its own
moment, such variations would necessarily modulate the Ly’ feature.

This potentially ambiguous result can be clarified by a direct comparison to La, for which there
is a true zero 4f moment. As shown in Figure 9.2, the f-electron signature, while reduced, does
not fully vanish in the collapsed-phase Ce spectrum, inconsistent with a complete Mott-like

delocalization. Pr NXES, which has a broader main Ly; peak than Ce, does not lend itself to a
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direct La comparison. The persistence of its 4f bare moment, however, will be demonstrated
below.

Nd, which is not subject to any large VC transition, shows a minor change in the Ly’ peak as
displayed in Figure 9.1. This is a shift in Ly,’ to a slightly higher energy (~0.3 eV) concomitant
with a transition from an fcc to a distorted-fcc structure at ~18.0 GPa.’% 376 As the 4f electrons
are still localized at this pressure, the observed shift is likely due to subtle changes in the relative
positioning and subsequent electron transfer between conduction subbands which are known to
occur during the high-symmetry transformations.>’”” As will be shown shortly, however, the
normalized amplitude of the Ly," peak is unchanged during this shift. We note that this change is
not associated with any known delocalization transition; for example, prior diffraction and
electrical resistivity measurements suggest that 4f delocalization in Nd occurs gradually

beginning only at 100 GPa.>”’

9.5 THEORETICAL PREDICTIONS AND RESULTS

To this point we have made only qualitative arguments regarding the pressure dependence of
the Ly’ shoulder in our data. We supplement this discussion with a theoretical treatment of Ce
and Pr (i.e., those elements exhibiting a VC transition). In the Kramers-Heisenberg formulism,

the intensity of NXES, I(w), is given as:

2

Eg—En—w—ilp
where T is the dipole operator for 4d->2p transitions, a, is annihilation is the annihilation
operator of the core electron, w is the energy of emission, and |g), |n) and |f) are the ground,

intermediate and final states respectively with energies Eg, E,, and Ef. For more details on this

formulism see Section 3.3.
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To account for finite temperature effects equation (9.1) is modified assuming a Boltzmann

distribution:

Zge "9/ 1(w)
I(T,w) = {1(0))r = 24— 9.2)

Zg
where T is the working temperature (300 K in the analysis below) and k is the Boltzmann
constant.
In order to evaluate this equation, the electron states are determined by diagonalizing the total
Hamiltonian, H = H; + H,. The first component, H;, is taken from the Anderson impurity

model’”8 :

Hy = Sy €k yticp + Xy €7}, ary + T €900 :ape + Ty €4ty yaay +
%4
\/_ﬁZk,v(a}-,vak,v + a}t,vaf,v) + Urr Zv>v1 a},vaf,va}-,waf,w -

t t t +
Urp T Of a1 = @) ] —upa Yy af ary[1— ag a4y (9.3)

()

where €; is the on-site energy for orbital i, a;; is the annihilation (creation) operator for an

electron of orbital angular momentum i, with o serving as a combined index of the m; and mg
quantum numbers, uss is the f-electron Coulomb potential, uspqy is the 2p (4d) core-hole
potential, and V is the hybridization between the f-electron and a conduction orbitals under
pressure as predicted by the KVC model. In the absence of hybridization, the ground state
consists entirely of the nominal " occupation (n =1,2 for Ce and Pr respectively) as discussed
above. As this parameter increases with pressure, the ground state becomes a mix of f* and f™!
configurations.

The second term, H,, completes the electron-electron interactions by accounting for multiplet

interactions terms:

_ ot
Hy = Y vyvswa 9rr (V1 V2, V3, Va)ag, Gp, Op Gy,
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where g are the parameters of the Slater-Koster integrals, and «, 5, and y are the spin-orbit
coupling parameters for respectively the f, p, and d orbitals. All of these values were obtained

from Cowan’s atomic structure code’”®

using the Hartree-Fock approximation and including
relativistic effects. The values of g were scaled by 0.8 to account for screening.

In Figure 9.3, we present the results of these calculations compared to the experimental data. It
must be noted that in the theoretical results, the atomic multiplet features composing the Ly’
satellite are sharper than they appear in experiment. This is a result of the using only five discrete
conduction orbitals in place of the true, broad 5d band for calculating hybridization. Such an
approximation is necessary to ensure reasonable computation time. Nevertheless, it is clearly
demonstrated that the steplike decrease in Ly;’ intensity observed in Ce and Pr concomitant with
VC is consistent with a sudden onset of 4f-conduction band hybridization as predicted by the
KVC model.

Taken a step further, we calculate the relationship between relative Ly’ intensity and 4f

occupation, ns, which is given by:

2g e_Eg/kT<g|a;,vaf,v |g>
nf = .

vge Eo/kT

(9.5)

The results, shown in Figure 9.4, demonstrate that both quantities decrease upon hybridization
with the Ly’ intensity doing so at a slightly faster rate. The important point, however, is that a

persistent Ly’ feature is indicative of continued 4f localization.



146

........................

0.4¢

L
L

-20 0 20

L t No Hybridization
.2 No Hybridization

Intensity (arb. u.
o
o
Intensity (arb. u.

(V=0.0eV)
Hybridization
I Hybridization (V=14¢eV)
0.1+ (V=02¢V) 1

expt.

0.26. 0.60. 0.63 GPa

: .52 2.20.4.50 GPa *
~30 -25 -20 -15 -10 -5 -30 -25 -20 -15 —-10 -5
Energy Relative to Peak (eV) Energy Relative to Peak (eV)

Figure 9.3. The Ly’ feature of Ce (left) and Pr (right) as measured experimental (expt.) and
calculated via an extended atomic code (theory). The theoretical results show narrow peaks due
to the use of discrete conduction orbitals in the calculation. Nonetheless, the qualitative
agreement between experiment and theory is excellent, showing that increased 4f-conduction

hybridization (V) effectively describes the observed physics. Insets: the full Ly spectra.

To this end, we present a quantitative extraction of the relative Lyi’ intensities. While
comparison to La is a useful diagnostic for Ce as shown above, it does not work well for Pr and
Nd where the differences in the multiplet structure of the Ly peak are enough to prevent a direct
cross evaluation. Instead we fit the low-energy side (up to approximately 2.5 eV below the Ly,

peak) of each spectrum to a sum a two Lorenztians: one to model the contribution from the main
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Figure 9.4. A comparison of the evolution of calculated 4f occupation, ns, and Lyi' intensity of

Pr with hybridization (V).

peak in the satellite region and the other to fit the Ly:" peak proper. This procedure has
previously been used for Ce NXES.*?® The results shown in Figure 9.5 reflect the spectral weight
of the shoulder relative to the main peak. For Ce, Pr, and Nd these results have been normalized
to the largest intensity below the transition for each sample. This procedure is needed to
eliminate small run-to-run variations due to differences in spectrometer tune up that would
otherwise prevent direct comparison.

La, which was found to have constant, negligible intensity at all pressures, is left
unnormalized. Nd is similarly found to have negligible variation even during the minor change in

spectral shape upon the fcc to distorted-fcc transition at 18.0 GPa discussed in Section 9.4.
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Figure 9.5. Comparison of relative Lyi’ intensity (data points) with DMFT predictions for
Jp(Jp + 1) (dot-dashed lines). Intensity of the Ly:' satellite is calculated relative to the main Ly;
peak. For Ce, Pr, and Nd the intensities have been normalized to the largest value below the
transition for each sample in order to reduce the effects of run-to-run variations. La, which has
negligible Ly;’ intensity, is left unnormalized. The solid black lines are meant as a guide for the
eye. The dot-dashed lines show the DMFT bare moment values, J,(J, + 1) relative to the

atomic-limiting values, J,(J, + 1).



149

Further measurements are required to determine if Nd eventually undergoes Lyi’ reduction,
similar to Ce and Pr, upon reaching its delocalized a-U phase at ~100 GPa.>*

As anticipated both Ce and Pr Ly’ intensities undergo a large, sudden drop with the VC. These
reductions, however, are incomplete with ~70% and ~60% for Ce and Pr respectively. This
result, taken in consideration with the trend shown in Figure 9.4, clearly demonstrates a
prolonged localization of the 4f electrons. This picture is inconsistent with the formation of a 4f
band as predicted by HM and instead strongly favors the description put forth by the Kondo
model.We can further compare these results with recent LDA+DMFT calculations of the bare 4f
moment.*3* 3! These theoretical predictions, whose dependence on unit-cell volume has been

converted to a pressure dependence using experimental equation of state data,3¢436% 376

are
shown in Figure 9.5 as the dot-dashed lines for each of Ce, Pr, and Nd. . While these calculations
have had great success in predicting the behavior of the screened 4f moment as inferred from

magnetic susceptibility measurements,’! 372

we see here very poor agreement in its expectation
of the bare moment.

For each element the calculations predict a growth in bare moment with compression due to an
increase in the f-shell occupancy caused by a rise in the 6s and 6p bands relative to the 4f levels.
This is incorrect for Ce and Pr, and although our experimental data does show an increase in the
case of Nd, it occurs less gradually and its onset is at a much higher pressure than predicted. It
must be noted that these calculations were carried out at a higher temperature (623 K), however
the authors expect only modest corrections at room temperature. Nonetheless, it remains that

these theoretical methods are demonstrably insufficient in modelling bare 4f moment evolution

and at the very least overestimate the configuration interaction between 6s, 6p and 4f electrons.
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9.6 CONCLUSION

In summary, we have presented a high-quality dataset of high pressure Ly; NXES useful for
the characterization of bare 4f moment evolution in the early light lanthanide metals. The
persistence of a 4f-4d exchange feature beyond the volume collapse Pr has been clearly
demonstrated in contradiction to the predictions made by the Hubbard-Mott model and in favor
of the Kondo volume collapse picture previously promoted by the Ce data.>?® These observations
are supported by state-of-the-art modified atomic calculations which show a clear relationship
between Ly;’ intensity and 4f-conduction band hybridization. We anticipate that these results will

contribute to continued work of understanding f-electron chemistry in highly correlated systems.
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Chapter 10. CONCLUSION

10.1 SUMMARY

In this dissertation, I have presented several studies demonstrating the strength of non-resonant
x-ray emission spectroscopy (NXES) in determining the structure of near Fermi-level electronic
states in transition metal and lanthanide systems. These studies, ranging from ambient conditions
to high pressures and temperatures, highlight the versatility of NXES in elucidating chemical
state in condensed matter experiment. Indeed, in some cases this technique provides the only
direct measure of key electronic information.

In support of this work, several novel crystal spectrometers were developed and commissioned.
Of primary importance are the Rowland-circle, laboratory-based monochromators discussed in
Chapters 4-6. This research program, which began in 2013, has proven to be a paradigm-shifting
event, enabling new courses of study conducted at the University of Washington. Prior to this
work, all x-ray spectroscopic measurements were conducted off-site at synchrotron facilities.
The continued development and refinement of this instrumentation has resulted in two US
provisional patents (62/271,989 and 62/271,992) for myself and Prof. Gerald Seidler.

While also suited to absorption measurements, here I have demonstrated the power of these
spectrometers for NXES applications. In particular, I have presented a high-quality dataset of
weak, valence-to-core (VTC) emission lines which, as discussed in Chapter 3, are of growing
importance to chemical studies. This dataset, comprised of several inorganic Fe and Zn
compounds, provides an interesting range of local electronic and atomic structure which I
applied as a benchmark test of several state-of-the-art density functional (DFT) theory

calculations. These tests highlighted the key strengths of DFT methods as well as identifying
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several areas which require careful consideration for robust prediction and interpretation of
experimental results.

Additionally, I have described a unique, medium-resolution spectrometer for use at
synchrotron facilities. This instrument was used to accelerate a course of study aimed at
investigating the evolving behavior of 4f-electrons under high pressure. By careful consideration
of the Ly;" NXES line, combined with extended atomic calculations, we determined a persistent
4f-localization upon crossing the volume collapse transitions in cerium and praseodymium. This
observation provides strong supporting evidence of a Kondo-like screening transition, helping to

resolve a decades-long debate.

10.2 FUTURE DIRECTIONS

We anticipate that the laboratory-based spectrometers discussed above will continue to have
high impact in the scientific community. In particular, we predict that the ready availability of
instrumentation will open new avenues of opportunity underserved by the current access model
such as teaching, quality control, long baseline studies, efc. As part of this effort, one of these
instruments (CEI-XANES) is now operating as part of the Molecular Analysis Facility on the
University of Washington campus. This shared facility is opened to both internal and external
users, having already been used in both academic and industrial research. It is our sincere hope
that this work will expand and strengthen the x-ray spectroscopy community, establishing these
techniques as routine materials characterization methods.

As mentioned in Chapter 9, a series of papers are currently in preparation based on the new
experimental and theoretical work of f-electron behavior under high pressure. In addition to the
calculations presented in this work, we anticipate that multiplet theory will soon be completed

for lanthanum and neodymium. High-quality data has also been collected for samarium and
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europium. This analysis, along with the continued development of the supporting electronic
structure calculations, will continue to be an area of focus with our collaborators at Lawrence
Livermore and UC Davis. As a next step, we propose this work be extended to gadolinium which

also exhibits a volume collapse transition.
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