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Abstract

Improved Instrumentation and Application of X-ray Emission Spectroscopy

Jared Abramson

Chair of the Supervisory Committee:
Gerald T. Seidler

Department of Physics

Since its discovery x-ray fluorescence has been used to understand atomic scale phenomenon.
With technological and scientific improvements x-ray fluorescence spectroscopy has become a
widespread analytical technique for elemental identification and led to the development of high-
resolution x-ray fluorescence spectroscopy, or x-ray emission spectroscopy (XES) which allows
for an elemental selective probe of local electronic structure and ligand environment, expanding
the analytical and scientific uses x-ray fluorescence. Here, I explore the applications of XES and
present development of XES technique and spectrometers to further the analytical and scientific
capabilities of XES. First, I present a study of cementitious materials for use in storage of nuclear
waste. | show that XES is an accurate method to calculate reduction capacity through sulfur
speciation and develop a new instrumental technique to improve study of small samples with
XES. I incorporated this technique into a new laboratory instrument designed for high
throughput analytical study of air-sensitive phosphorus samples and show the time dependent

oxidation of NiP nanoparticles. Second, I examine asymmetric Rowland circle geometry for



modern use in laboratory and synchrotron facilities. I collaborated on developing a new
spectrometer with this capability which demonstrated the improved resolution and flexibility
asymmetric geometries provide. I then present a tool designed for selection of these asymmetric
geometries. Finally, I study the directionality of electronic and ligand structure of asymmetric
single crystals. X-ray emission spectropolarimetry was shown to select for fluorescence from
specific dipole transitions which contain information about the orbitals involved and a new
technique is presented that obtains the same information by careful analysis of standard XES

spectra.
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List of Figures
Chapter 1

Figure 1: X-ray taken by Wilhelm Roentgen of his wife’s hand a few weeks after his first
discovery of this new type of electromagnetic radiation, x-rays.

Figure 2: Picture of Henry Moseley’s spectrometer which is located in the History of Science
Museum at Oxford University. A Crooke’s tube and sample rail are shown tangent to the outside
of the vacuum chamber which produce fluorescence dependent of which metal anode is used.
The vacuum chamber, the round metallic piece shown, has a crystal in the center to perform
Bragg reflection, diffracting the fluorescence at an energy dependent angle onto the
photosensitive film placed on the inside of the vacuum chamber.

Figure 3: Selection of data Moseley published of Ka and Kf fluorescence from a variety of
metals. Using these spectra he developed Moseley’s law relating the square root of the
fluorescence frequency to the atomic number of the element.

Figure 4: Transitions for the main types of x-ray fluorescence with the notation developed by
Manne Siegbahn.

Figure 5: Diagram of Rowland geometry for optical wavelengths. The primary light beam (grey)
enters the Rowland circle and is diffracted by the grating with a angular dispersion dependent on
the energy of the photon.

Figure 6: Diagrams of the adaptation of the Rowland circle geometry to x-ray spectroscopy
using crystal planes as a grating. The crystal planes can effectively be used in two geometries,
either perpendicular or parallel to the Rowland circle radius.

Figure 7: Diagram of the Rowland circle geometry. Any x-rays from the source that hit the
Rowland circle and are diffracted according to Bragg’s law at an angle 0z to the tangent will
focus on the detector location.

Figure 8: Diagram of point-to-point operation of a Rowland circle spectrometer. Each source
point on one side of the Rowland circle has a corresponding detector point on the opposite side
with the pair specifying an energy determined by the Bragg angle.

Figure 9: Diagram of three dispersive Rowland geometries for XES. See text for discussion.

Figure 10: Diagram of a standard source for laboratory XES. The polychromatic x-ray beam
illuminates the sample causing it to fluoresce, some of which will pass through an entrance slit
towards the analyzer.

Figure 11: Diagram showing source size broadening. The effective source width, size of the
source as seen by the analyzer, spans a range of energy locations on the Rowland circle: E; to E».
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This allows x-rays with an energy not specified by the point-to-point spectrometer geometry to
be detected leading to broadening of spectral features.

Figure 12: Different types of analyzers and analyzer arrays used in x-ray spectrometers.

Figure 13: Shown are the crystal planes, C, in bent crystal analyzers which are used to focus x-
rays from the source location, S, to the detector location D on the Rowland circle. Johannson
analyzers do this perfectly while Johann analyzers will have some spread in detector location for
a single energy.

Figure 14: Diagram of Johann error due to the deviation of the surface of Johann type crystal
analyzers from the Rowland circle.

Figure 15: Diagram showing the effect of wafer miscut in SBCAs on the detector position of
diffracted x-ray fluorescence.

Chapter 2

Figure 1. Diagram of the process for secondary X-ray fluorescence from an atom, shown for Ni.
An incoming primary X-ray photon scatters an electron creating a hole in an inner electron shell
which is then filled by a higher energy electron emitting a secondary x-ray.

Figure 2. Transitions leading to Ko and KB emission for phosphorus®.

Figure 3. Phosphorus Ka spectrum from three materials, indium phosphide, trioctylphosphine
oxide, and sodium phosphate. The typical doublet profile of Ka spectra is shown for all three
materials as well as a shift in energy due to oxidation state, with higher oxidation states
increasing the energy’.

Figure 4. Linear combination fit of sulfidic (lower energy) and sulfate (higher energy) reference
Ko XES spectra to a S Ka XES spectra of a biochar sample to extract the oxidation state ratio'°.

Figure 5. Transitions leading to Ko and KB emission for 3d transition metals®.

Figure 6. Fe Ka spectra for iron oxide, potassium hexacyanoferrate (II) and potassium
hexacyanoferrate (III). The FWHM of the Ko, peak for these compounds decreases as the Fe
spin decreases with iron oxide, potassium hexacyanoferrate (II) and potassium hexacyanoferrate
(II1) having four, one, and zero unpaired 3d electrons'’.

Figure 7. S Kf spectra of three sulfur containing compounds. The main Kf313 peak at or a little
below 0 eV is emission from transitions of 3p to 1s orbitals with the other important peak at
about -15 eV, Kf’, being emission from the ligand 2s orbital to sulfur 1s orbital. The energy scale
is set by the KB 3 peak of Na;SOu. Phosphorous has the same features'2.
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Figure 8. K x-ray emission spectra of three manganese oxides with different Mn oxidation
states. The change in 3d valence electrons with oxidation state changes is reflected in the
strength of the KB peak and the splitting in energy of the KB  and K 3 peaks'>.

Figure 9. (Top) KB VtC for Mn samples with F, O, and N ligands showing the shift in KB”” with
ligand species. (Bottom) K VtC for Mn oxides with different oxidation states. From top to
bottom: KMnY"'0y4, [EtsN][Mn"(0)(n*-L)], B-Mn'VO,, LiMn™"MnVO4 and ZnMn",04, Mn"O,
LixMn"VOs. (Inset) The change in KB integrated intensity with change in bond distance for the
same Mn oxides'®.

Chapter 3

Figure 1: DRR spectrometer schematic with three collection cones at different photon energies
that correspond to positions E1, E2, and E3 on the Rowland circle. Note how different sample
positions can result in different efficiency of data collection across the face of the detector, that
is, at different photon energies, due to different volumes and locations of the sample being
present at different energies.

Figure 2: Illustration of the dependence of measured spectrum on sample position due to the
“sampling cone” issues of Figure 1. Shown from bottom to top are spectra from a sample of
HGM5-2018-2 (solid grey box) that is smaller than the total collection cone (black box). Moving
from position 1 (P1) to P2 and subsequent steps are a 1.3 mm movement of the sample in the
Rowland plane. A clear shift from the spectra weighing higher energies to lower energies can be
seen as the sample moves across. Integrating these spectra results in a measurement that averages
over sample compositional variations with equal detection efficiency at every photon energy.

Figure 3: XES spectra of all cementitious materials and the ZnS and Na>SOq references. The
two vertical lines correspond to the Ko energies of the references.

Figure 4: Linear superposition fits to sulfide and sulfate references for the S Ko XES spectrum
of a Hanford Grout Mix (HGMSY), a Cast Stone, and a Blast Furnace Slag sample. A
compendium of fits for all samples is presented in Figure S1.

Chapter 4

Figure S1: A compendium of XES results with fits, references, and residuals. Sample labels
follow Table S1 and description in the main text.

Chapter 5

Figure 1: Dispersive Rowland refocusing (DRR) geometry with a large source off-circle. The
geometry has a bent crystal analyzer at the top of the circle, a position sensitive detector on the
lower left of the circle, and virtual sources on the lower right arc each with an associated
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collection cone. The sample (‘source’ in this context) is illuminated using an X-ray source
perpendicular to the circle. Note the spectral refocusing onto the detector arc and X-ray camera
face.

Figure 2: (a) Front and (b) side view illustration of the double Rowland circle geometry, with
accompanying CAD rendering also from (c) front and (d) side views. The P Ko and P Kf3
Rowland circles share the same source location but are translated and tilted out of the plane to
allow clearance for a 79.1° (2014.6 eV) and 67.6° (2137.8 eV) Bragg angle respectively. The
mount of the crystal analyzers is omitted from (d) so that the analyzer orientations are more
readily apparent and the stray scatter shields for the cameras are similarly omitted in this figure
panel.

Figure 3: Photograph of a spectrometer placed in a glovebox with accompanying CAD
rendering of the spectrometer components. Components include: (1) helium enclosure; (2)
spectrometer components (see 7—13 for more details); (3) high voltage supply; (4) power source;
(5) motor controller; (6) X-ray tube (hidden behind the door in the photo); (7) two Si (111)
crystal analyzers and a mount; (8) sample location; (9) P Ka X-ray camera and housing; (10) P
KB X-ray camera and housing; (11) sample mount containing a sample wheel, magnetic mount
and stepper motor; (12) DRR flange; (13) helium enclosure wall. For clarity of presentation, the
front window of the glovebox was removed for the photograph and the sample wheel assembly
has been pulled back from the measurement position in both the photograph and the CAD.

Figure 4: X-ray camera images of the dispersed fluorescence from a NioP-Oh nanoparticle
sample: P Ka (above) and K3 (below). The dispersive direction is horizontal, with lower to
higher energy moving left to right. The vertical direction shows the out of plane dimensions,
where minor curvature is observed from geometric effects causing photons to be bent towards
lower energy. The pixel intensity shown is from a CMOS sensor's analog to digital converter and
is different from photon count because of sensor gain.

Figure 5: Linear superposition fit of the P Ka spectrum for an aged Ni>P nanophase sample to
phosphide (Ni2P-bulk) and phosphate (Ni3(PO4)2) references. (a) Fits using the reference spectra
as directly measured. (b) Fits after the reference spectra have been broadened by 0.2 eV to
compensate for a range of local environments, see the text for discussion. A compendium of fits
for all air exposure times, using both broadened and unbroadened references, is presented in Fig.
SI-2.

Figure 6: P Ka data for the Ni2P-Oh nanoparticles exposed to air for differing lengths of time,
and two reference samples, Ni2P-bulk and Ni3(PO4).. Typical total measurement times for an
ensemble of seven nanophase samples (averaged to give the results shown) is 9 hours, ~80
minutes per sample. Panel (a) shows the spectra offset with vertical guides, shaded bands, for the
Kai peaks of the phosphide and phosphate reference compounds. Panel (b) shows the same
spectrum overlaid. Note that the apparent isosbestic point is ~2014.25 eV, supporting the use of
a simple two-phase decomposition onto reference compounds.
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Figure 7: (a) P K spectra, offset for clarity of presentation, for the aging sequence of NioP
nanoparticles and the two reference samples, NioP-bulk and Ni3(POs)». (b) The same spectra
shown on a single intensity scale. Note that as the air exposure time of the samples increases,
there is a subtle shift in the main K13 peak and satellite KB" peak, in addition to a steady
increase in the intensity of the oxygen ligand peak.

Figure 8: FEFF calculations for Ni>P bulk and Ni,P surface materials shown with data for Ni,P-
bulk and Ni>P nanoparticles, NioP-Oh. The differences between the bulk and surface theoretical
spectra are in qualitative agreement with the deviations between the (macroscopic) crystalline
NixP-bulk reference and the NioP-0Oh spectra.

Figure 9: The phosphide fraction extracted from fits to Ka and from scaling of the oxygen
ligand integral in KB (see the text), as a function of the square root of air exposure time, tir'’>.
Both plots show a negative trend with increasing air exposure in rough agreement with a

diffusion-limited model of oxidation.

Chapter 6

Figure SI-1: P Ka and Kp reference spectra, Ni2P-Bulk and Ni3(PO4)2, with Na2HPO4
reference spectra. The Na2HPO4 spectra was used to set the energy scale, see text for details.

Figure Si-2: A compendium of P Ko XES results with fits, references, and residuals for all Ni2P
nanophase samples after summing replicate spectra. In each case the left column is the fit with
the original, unbroadened references, while the right column uses the slightly broadened
reference spectra discussed in the text.

Chapter 7

Figure 1: Diagram of spectrometer components during asymmetric operation in the reference
frame of the SBCA. a denotes the angle between the diffracting plane for the reflection Gux and
the plane at the optic's surface (nominally normal to the reciprocal lattice vector Go). Note the
chord lengths d and p differ when a # 0.

Figure 2: An infinitesimal single crystal element (right) of a spherically bent crystal analyzer
(left), demonstrating a geometric argument for the elimination of Johann error in asymmetric
Rowland geometries when the source is close to the sphere-center of the SBCA curved wafer.

Figure 3: Top-view CAD renderings of the spectrometer configured for (a) XAFS and (b) XES
measurements. The key components are outlined with boxes and labelled as follows: (A)
detector, (B) 100 W XAFS source, (C) adjustable-width XAFS entrance slit, (D) crystal analyzer
and optic tower, (E) XES sample enclosure and entrance slit, and (F) 3 kW XES source.

Figure 4: (a) An optic cartridge is loaded into the optic tower subassembly. (b) The fully
assembled motorized optic tower concentrically indexes the crystal on a motorized rotation
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stage. (¢) The motorized azimuthal (¢) degree of freedom allows for tilt-free correction of crystal
miscut and for automated asymmetric operation.

Figure 5: (a) Symmetric spectrometer operation at @ = 65° in XAFS mode. (b) Asymmetric
spectrometer operation at the same 0 with a = 25°, placing the source diametrically from the
optic resulting in a monochromatic diffracted beam with no Johann broadening.

Figure 6: Polar plots in (a, ¢) for calculated and measured reflections. (a) Calculated values of
selected asymmetric reflections of a Si(551) analyzer. (b) Experimental data for Si(551) SBCA
obtained by sampling phi-alpha space values at a fixed Bragg angle. (c) Calculated values of
asymmetric Si(211) reflections. (d) Experimental data for Si(211) SBCAs. A threshold on
reflection intensity was implemented to remove background in experimental data.

Figure 7: (Left) Diagram of the energy range achievable operating symmetrically with the Si
SBCAs commonly used for transition metal XAS and XES: Go = (100), (110), (111), (211),
(331), (533), (551). The vertical gray lines indicate emission lines and the vertical black dashed
lines indicate K-edges between 4 and 10 keV. (Right) Diagram of the energy range achievable
operating asymmetrically with a Si(551) SBCA. Duplicate reflections, those that cover the exact
same energy range at the same Bragg angle are omitted for clarity.

Figure 8: Emission lines measured asymmetrically with a Si(551) analyzer, arranged in order of
ascending energy, presented with no background subtraction. The Bragg angle required to select
the nominal energy of the emission line is given for each scan.

Figure 9: (a) XRT ray traced simulation of a Si(551) operated symmetrically far from
backscatter, demonstrating Johann error as lower diffracted energies on the left and right sides of
the crystal. (b) The same photon energy when using the asymmetric Gii = (553) reflection with
the same analyzer. The crystal is optically near backscatter, resulting in elimination of Johann
error.

Figure 10: Symmetric and asymmetric energy response functions corresponding to Fig. 9 (a) and
(b), demonstrating the reduction of Johann error.

Figure 11: KB 3 emission spectra of (a) Cu and (b) Zn. Spectra were collected using the Si(551)
SBCA symmetrically and with the most optimal asymmetric plane. Further from backscatter, the
symmetric reflection analyzer response function broadens due to Johann error. On the other
hand, the asymmetric reflection response function is narrow because of a mechanical analyzer
angle, O, close to 90°.

Figure 12: Cu K XANES measured using a Si(551) analyzer symmetrically and G = (553)
reflection asymmetrically, compared to synchrotron results. At 8978.9 eV, 0g = Om = 65.2°
symmetrically whereas g = 77.5 and Om = 92.5°. The asymmetric configuration eliminates
Johann error by operating mechanically at near backscatter. Masking the edges of the analyzer
removes Johann broadening in the symmetric case, whereas masking in the asymmetric case
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shows no appreciable difference in energy resolution. Spectra are offset for clarity of
presentation.

Figure 13: (a) Ni K XAFS measured using a Si(551) analyzer symmetrically and with the Gy =
(551) reflection asymmetrically, compared to synchrotron results. Both spectra show agreement
with synchrotron data. Spectra are offset for clarity of presentation. (b) The background
subtracted EXAFS oscillations.

Figure 14: The asymmetric configuration implemented for HERFD-XANES measurements.
Note the longer source-detector chord length (blue arrows), allowing greater flexibility in special
sample environments and less size constraints than a symmetric counterpart.

Figure 15: Zn HERFD-XANES measured with Gu = (642) of a Si(211) SBCA.

Figure 16: Elastic lines measured using a Si(211) analyzer asymmetrically Gy = (642),
demonstrating Johann error elimination and narrowing of the analyzer response function when
operated asymmetrically.

Figure 17: XRS of graphite showing elastic, inelastic, and XRS features of C K-edge. Measured
with Si(211) using Gr = (642). The analyzer was mechanically at backscatter with a Bragg
angle of 79.1°. The elastic peak FWHM is approximately 1.3 eV.

Chapter 8

Figure 1: Diagram of asymmetric operation from the reference frame of the SBCA. 63 is the
Bragg angle, a is the angle between the crystal plane normal to the SBCA surface (which
reflection the crystal was cut for, Go) and the reflection plane being used for asymmetric
operation, G, and Ov 1s the angle between the SBCA surface and the incident X-rays.

Figure 2: Pole plot demonstrating other reciprocal lattice vectors, G, available from the Si
(211) SBCA. The radial direction is a, the angle of the reciprocal lattice vector with respect to
[211], and the azimuthal direction is ¢, the rotation angle of the system about the [211] direction.
We show G with Miller indices in the range =12, with only selected points labeled for clarity
of presentation.

Figure 3: Two options for studying the Cu Kf; 3 fluorescence. (a) Symmetric operation of a Si
(551) SBCA; (b) asymmetric operation of a Si (551) SBCA using the Si (553) diffraction plane.

Figure 4: Descriptions of the five main use cases for the hk1hop package. The two main
functions in the package are hkl selectionand crystal selection.

Figure 5: Predicted energy dispersion across the SBCA face for Si (642) reflections from
symmetric and two asymmetric configurations: (a) using the (642) Guu symmetrically

having fg and Oum of 81.40 deg. (b) using the (642) G from a Si (551) SBCA having 6 of 81.40
deg. and Om of 94.70 deg. (c) using the (64—2) Gui from a Si (551) SBCA having 65 of 81.40
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deg. and 6w of 107.48 deg. The larger broadening seen for the (642) symmetric and (64—2)
asymmetric configuration is due to the inferior Owm.

Figure 6: Bar charts generated by an auxiliary function of the package, bar chart, displaying the
energy ranges of the Si (100), Si (211), Si (551), and Si (642) SBCAs when used asymmetrically.
The y-axis of each graph shows accessible crystal planes for ~4—10 keV.

Chapter 9

Figure 1: The polarized dipole p — s emission spectra and final states of our toy system
described by Eq. 4. Only final state configurations with a spin down electron in the d,, orbital are
calculated. The top row shows the spectra for different dipole transition operators (x, y, and z).
The middle row shows the expectation value of the total system (S?) operator for the final states.
The last row shows the singlet configuration corresponding to the p core hole created by each of
the dipole transition operators.

Figure 2: The polarized dipole p — s emission spectra for a final state described by Eq. 4, but
with two electrons pinned into the same dy, orbital. The top row shows the emission spectra for
each polarization and the bottom row shows the singlet configuration of each final state.

Figure 3: (a) LiVCuOs crystal structure. (b) Face down view on the a-b plane of square planar
Cu-O chains.

Figure 4: (a) DyNiC; crystal structure. (b) Face down view on the b-c plane of distorted square
planar Ni-C chains.

Figure 5: Rowland Circle geometry for unpolarized, (a), and partially polarized, (b), CtC and
VtC KB XES measurements. For each geometry the first SBCA is for Cu measurements and the
second is for Ni measurements.

Figure 6: Cu foil K/ x-ray emission spectra taken at high (orange) and low (green) Bragg angle.

Figure 7: The calculated ratio of reflectance of x-rays with polarization parallel to the Rowland
plane (R,) verse perpendicular to the Rowland plane (R;) as a function of Bragg angle for the
SBCA. The minimum and maximum Bragg angles for the unpolarized (red) and partially
polarized (green) XES spectra are marked.

Figure 8: (a) LiVCuOs single crystal sample. (b) DyNiC; single crystal sample. (¢c) DyNiC»
sample shown positioned in the spectrometer sample environment for z-polarized, y-directed (o,
I,) XES spectra.

Figure 9: Kf XES scans of the LiVCuOs single crystal sample as it is stepped across the
entrance slit and the summation of these scans. A vertical gray dashed line marks the center
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position of the Kf 3 peak, found by a fit to the summation. This energy is used to apply a Bragg
angle correction to the sample spectra, positioning it correctly in energy relative to a Cu foil
reference spectra.

Figure 10: (left) LiVCuOs4 Cu and (right) DyNiC, Ni Kf CtC-XES. (a, b) Unpolarized emission
at high Bragg angle from radiation propagating along the x (blue), y (red), and z (brown)
directions. (c, d) polarized spectra extracted from the directional spectra in (a, b) with
polarizations along the x (purple), y (green), and z (orange) directions. Difference plots are
shown at the bottom of each subplot and are calculated by subtracting the average spectra from
each curve. Note the polarization dependence in the Kf’ feature for LiVCuOs.

Figure 11: (left) LiVCuO4 Cu and (right) DyNiC> Ni VtC-XES. (a, b) Measured unpolarized
emission from radiation propagating along the x, y, and z directions as defined by the coordinate
systems in Section 2.5. (¢, d) Measured partially polarized emission, where each spectrum is
dominated by a single polarization axis, albeit with poorer energy resolution. (e, f) Extracted
polarized spectra. (g, h) Calculated polarized emission, including both electric dipole and
quadrupole components.

Figure 12: Radiation pattern of dipole and quadrupole transitions between different /, m orbitals.
(a) and (b) show dipole transitions from the p- and px to s orbitals respectively while (¢) and (d)
show quadrupole transition from the d.> and dy, to s orbitals. The shape of the radiation patterns
are equivalent to oscillating charges with spatial distributions that are consistent with the lobes of
positive and negative phases from each atomic orbital.

Figure 13: FEFF calculated Cu VtC spectra and DOS from LiVCuO4. (a) Polarized x-ray
emission with the quadrupole component averaged over directions perpendicular to the
polarization axes. (b) Isotropic emission separated into dipole (red) and quadrupole (blue)
components. (c) The p-projected density of states. (d) The d-projected density of states.

Figure 14: FEFF calculated Ni VtC spectra and DOS from DyNiC2. (a) Polarized x-ray
emission with the quadrupole component averaged over directions perpendicular to the
polarization axes. (b) Isotropic emission separated into dipole (red) and quadrupole (blue)
components. (c) The p-projected density of states. (d) The d-projected density of states.
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Chapter 1 — X-ray Emission Spectroscopy Introduction

1. X-ray Fluorescence History

1.1 X-ray Fluorescence Discovery

In late 1895 Wilhelm Roentgen was studying electrical discharge in Crookes tubes, a
type of cathode beam vacuum tube, and observed that even when visible and ultraviolet light
wasn’t allowed out of the Crookes tube a spare barium platinocyanide screen, which was
known to fluoresce when exposed to electromagnetic radiation, lit up nearby. Roentgen
concluded that some other type of radiation was being produced causing the screen to fluoresce
and reported his discovery of x-rays, named X for an unknown variable!. Roentgen’s further
study of these new rays?, particularly what materials they pass through, led him to discover that
they penetrated weakly through hard dense materials, like metals or bones, but penetrated
through many other materials more easily, including soft tissue. Using this fact he took an x-ray
image of his wife’s hand, illuminating the bones and rings, which was the first analytical use of

x-rays® (Fig. 1).



Figure 1. X-ray taken by Wilhelm Roentgen of his wife’s hand a few weeks after his first
discovery of this new type of electromagnetic radiation, x-rays®.

Following Roentgen’s discovery and using a similar Crooke’s tube x-ray source, Charles
Barkla investigated some of the first known properties of interactions between these mysterious
x-rays and various materials*. Barkla did so with a hardened x-ray beam, where low energy x-
rays have been removed, aimed at a target material. He observed the radiation resulting from
the x-ray interaction with the target material, which he dubbed secondary radiation as opposed
to primary radiation from the source, and found three types; scattered primary x-rays from the
source, electrons scattered from the target material, and x-rays emitted from the target material

at different energy from the primary beam.

Of importance to this work is the secondary radiation of x-rays emitted by the target

material after interacting with the source beam. Barkla found that the target was absorbing the
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primary x-ray and then emitting a new x-ray at a different energy, a process dubbed x-ray
fluorescence, which is the namesake and used in x-ray fluorescence spectroscopy. In his study
Barkla discovered that different materials had x-ray fluorescence of different energies and
within a single material he discovered two types of x-ray fluorescence which he labeled K and
L fluorescence lines and were later shown to be fluorescence from filling an 1s or 2p electron

shell hole respectively>®.

1.2 X-ray Fluorescence Development and Analysis

Around the same time the father and son duo of William and Lawrence Bragg studied
the interactions of x-rays with crystalline solids by x-ray diffraction expanding on the work of
Laue and colleges who showed that x-rays were waves” !°. Lawrence Bragg showed that the x-
ray diffraction patterns could be explained when treating the crystal as a set of planes of atoms
separated by a distance d, referred to henceforth as the d-spacing, due to interference of
reflected x-rays scattered from successive planes'!. Bragg’s Law (Eq. 1) successfully explain
the x-ray diffraction patterns they observed and determine conclusively the crystal structures of

NaCl, KCl, KBr, KI, and diamond'? 1.

nd = 2dsinf (1)
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Figure 2. Picture of Henry Moseley’s spectrometer which is located in the History of

Science Museum at Oxford University. A Crooke’s tube and sample rail are shown tangent to
the outside of the vacuum chamber which produce fluorescence dependent of which metal
anode is used. The vacuum chamber, the round metallic piece shown, has a crystal in the
center to perform Bragg reflection, diffracting the fluorescence at an energy dependent angle

onto the photosensitive film placed on the inside of the vacuum chamber.

Incorporating Bragg’s law into x-ray devices, Henry Moseley developed a new
spectrometer to study the interaction of x-rays and materials'>. Moseley’s spectrometer, shown
in Fig. 2, was based on G.W.K. Kaye’s design'® and has the same working principle as modern
spectrometers. A Crooke’s tube generates an x-ray beam with a metal anode chosen specifically
for the study. This x-ray beam will have a broad bremsstrahlung but also strong fluorescence
from the characteristic emission of the metal anode. The x-ray beam passes through an entrance
slit into a vacuum chamber where it hits the analyzer crystal, potassium ferrocyanide in
Moseley’s case, and is diffracted to hit a photosensitive film on the inner surface of the vacuum
chamber. The position the diffracted fluorescence illuminates the film allows for an energy

determination by Bragg’s law.

Using his spectrometer, Moseley performed some of the first groundbreaking x-ray
fluoresces (XRF) experiments with the ability to resolve finer details in the K and L

fluorescence that Barkla had first observed. Particularly, he resolved the K fluorescence line
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into what we now call Ka and Kf fluorescence arising from 2p—1s and 3p—1s electron
transitions, respectively'” '*. Moseley studied XRF spectra from close to forty elements
observing their different fluorescence lines on a consistent energy scale thanks to his
spectrometer, Fig. 3. He found that there was a proportionality between the square root of the
emitted frequency (energy) of fluorescence and an integer value which primarily followed the
ordering of the periodic table at the time. This held true for each fluorescence line, although
with a different proportionality constant, and taken together with the just emerged Bohr-
Rutherford model of the nuclear atom, Moseley concluded that these integers were the atomic
charge of the nucleus of the element. In addition to confirming and tweaking the ordering of the
periodic table, Moseley identified four locations in the periodic table of undiscovered elements,

all of which were later found!” 8.

Increasing frequency

Figure 3. (Adapted from Moseley'”) Selection of data Moseley published of Ka and Kf
fluorescence from a variety of metals. Using these spectra he developed Moseley’s law relating
the square root of the fluorescence frequency to the atomic number of the element.



Building on Moseley’s work, Manne Siegbahn used an improved spectrometer to
continue the study of the K and L spectral lines but with ~1000x greater resolution due to a
slew of improvements to the instrumentation, instrument characterization, and instrument
usage'”2°. This enabled him to identify more features of the known spectral lines, for example

2126 and identify new spectral

seeing the splitting of the Ko, 2p3»—1s, and Koz, 2p12—1s
lines, known as the N and M lines?’**. This finer picture allowed Siegbahn to develop an
understanding of the electronic orbitals and confirm some recent quantum mechanical
calculations. He also developed a full set of notations for electron transitions that is still used

today in x-ray spectroscopy, displayed in Fig. 4.

Y

Y Y Y W K,

Figure 4. Transitions for the main types of x-ray fluorescence with the notation developed by
Manne Siegbahn.

In the many years that have passed since these early spectroscopy experiments of
Moseley and Siegbahn the resolution of XRF has further increased leading to a new descriptor
of high resolution XRF for when the resolution is on the order of the core hole lifetime

broadening, x-ray emission spectroscopy (XES). Core hole lifetime broadening in x-ray
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spectroscopy occurs due to the finite lifetime of the core hole, created in the absorption of a
primary x-ray, before the atom fluoresces. Due to the energy-time representation of the
Heisenberg uncertainty principle this lifetime leads to uncertainty in energy resulting in
broadening of spectral lines by a Lorentzian line shape, typically between half to a few eV.
When instrumental resolution is on the order of core-hole lifetime broadening, the broadening

becomes a dominant factor in spectral line shape and XES is said to be performed.

This development of XES was led by many new x-ray sources, analyzer crystals
materials and geometries, and x-ray detectors being developed and used in groundbreaking
work which, in addition to increased resolution, increased efficiency and applicability. Of
importance here, cylindrically and spherically bent crystal analyzers (CBA and SBCA
respectively) have enabled Rowland geometries for X-ray spectroscopy to become the
dominant approach, although von Hamos geometries have also seen considerable success. As

the later chapters in this dissertation use Rowland geometries, I will focus on it here.

2 X-ray Spectrometers

2.1 Rowland Circle Geometry



/—R

Rowland circle

2R
¥ Grating circle

Figure 5. (From Cataldo®') Diagram of Rowland geometry for optical wavelengths. The
primary light beam (grey) enters the Rowland circle and is diffracted by the grating with a
angular dispersion dependent on the energy of the photon.

Flat gratings and lenses have been used to diffract light and focus it to perform various
types of optical spectroscopies since the 1600s. In 1883 Henry Rowland’s invention of a ‘ruling
engine’ enabled him to reproducibly move a diamond tip very small distances and allowed him
to etch gratings on a concave surface with the required precision for spectroscopic use for the
first time2. This brought a new wave of spectroscopic techniques as the curved gratings allow
for higher resolution spectroscopy to be performed without the use of lenses since the gratings
diffracted and focused light from one location to another. Rowland defined what is now known
as Rowland circle geometry, a virtual circle (the Rowland circle) on which the source, center of
a diffractive grating, and detector lie, see Fig. 5. Importantly the curvature of the diffractive

grating is twice the curvature of the Rowland circle, which when combined with the fact that
8



incident and outgoing angle of diffracted light with respect to surface normal are wavelength
dependent, lead geometrically to the diffracted light having point-to-point focus on the

Rowland circle, Fig. 5.

CASE CASE V

&

Figure 6. (From DuMond and Kirkpatrick®>*) Diagrams of the adaptation of the Rowland circle
geometry to x-ray spectroscopy using crystal planes as a grating. The crystal planes can effectively
be used in two geometries, either perpendicular or parallel to the Rowland circle radius.

As x-ray spectroscopy was beginning, a limiting problem was the intensity of detected
radiation. To improve this Jesse DuMond and Harry Kirkpatrick investigated if the Rowland
circle, which had previously only been used for optical wavelengths, could be applied to x-rays
to result in greater intensity. They observed that theoretically a flexible crystal, ex. mica, could
be bent into the shape of Rowland gratings while maintaining the conditions for Bragg
reflection allowing the use of the Rowland circle geometry with x-ray diffraction®*. DuMond
and Kirkpatrick observed two ways to do so, with either the crystal planes of the x-ray grating
approximately parallel, Case V, or perpendicular, Case R, to the radius of the Rowland circle,
Fig. 6. In Case V x-rays come from a source behind the crystal and outside the Rowland circle

which can be traced to virtual source locations on the Rowland circle. In Case R x-rays come
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from a real source on the Rowland circle. In both cases x-rays are diffracted according to
Bragg’s law to land at a point / depending on wavelength. Case R, with the crystal planes
perpendicular to the Rowland circle radius, is used exclusively in this work and therefore will

be the only geometry discussed.

Using the Rowland circle geometry with a circular mosaic of small flat crystals in this
geometry DuMond and Kirkpatrick obtained the point-to-point focusing capabilities and
increasing intensity of the Rowland circle, while still having the energy dispersion of Bragg
reflection to maintain good energy resolution. This is shown geometrically in Fig. 7 where x-
rays from a point source, which sits on the Rowland circle, will hit the analyzer at all points
making the same angle, 0, with the crystal diffraction planes due to the Rowland geometry. 0
is called the Bragg angle. According to Bragg’s law, Eq. 1, x-rays of a specific wavelength will
diffract off the analyzer symmetrically, focusing to a point where the detector is placed. This

gives an efficient, energy selective way of collecting x-ray fluorescence from a source.
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Diffraction Planes
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Deteck. Aurce

Figure 7. (Adapted from Seidler et. al.**) Diagram of the Rowland circle geometry. Any x-
rays from the source that hit the Rowland circle and are diffracted according to Bragg’s law at
an angle 0 to the tangent will focus on the detector location.

2.2 Rowland Circle Spectrometers

E

1 |

Detector Source
locations locations

Figure 8. (From Seidler et. al.**) Diagram of point-to-point operation of a Rowland circle
spectrometer. Each source point on one side of the Rowland circle has a corresponding
detector point on the opposite side with the pair specifying an energy determined by the Bragg
angle.
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Figure 9. (From Holden?®) Diagram of three dispersive Rowland geometries for XES. See text
for discussion.

The Rowland circle geometry can be operated two ways to perform XES.

The first is point-to-point operation where the source and detector locations pick out a
single energy based on the Bragg angle as described above. By simultaneously shifting the
source and detector positions to access different energies, Fig. 8, and counting the number of

photons detected at each angle the desired XES spectra can be measured.

The second is a dispersive operation with a stationary source and a position sensitive

detector (PSD). In dispersive operation a whole spectrum is simultaneously measured with each
12



position on the PSD corresponds to a different Bragg angle and therefore energy. There are
three general configurations; point source off circle, Fig. 9a, large source on circle, Fig. 9b, and
large source off circle, Fig. 9c. With a point source off circle virtual sources can be traced back
to the Rowland circle at different angles, corresponding to different energies by Bragg’s Law,
each hitting different locations on the PSD. This provides excellent resolution but poor intensity
as well as susceptibility to analyzer inconsistencies as each energy only is diffracted by a small
portion of the analyzer. With a large source on-circle different parts of the sample contribute for
each energy. The whole analyzer diffracts each energy providing good intensity but is very
susceptible to any sample variations. Finally with a large source off-circle virtual sources can
again be traced back to the Rowland circle. For each energy a portion of the sample and
analyzer contributes with the exact proportion depending on the sample size. This maintains the
good resolution and intensity of the other cases without worrying about sample or analyzer
inhomogeneities. This is the geometry used in later chapters and is named the dispersive

Rowland refocusing (DRR) geometry>>.

A
T Fluorescence
(Towards Analyzer)

I <« Cntrance Slit

Figure 10. Diagram of a standard source for laboratory XES. The polychromatic x-ray beam
illuminates the sample causing it to fluoresce, some of which will pass through an entrance
slit towards the analyzer.
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The source for these spectroscopic configurations in the laboratory consists of either a
sample, which is caused to fluoresce for DRR, or an entrance slit with the fluorescing sample
behind it for point-to-point operation. Shown in Fig. 10 is a standard laboratory source
configuration for point-to-point spectroscopy where the fluorescence is caused by a
polychromatic conical beam from an x-ray tube which passes through an entrance slit placed on
the Rowland circle. At a synchrotron when fluorescence is instead caused by a focused
monochromatic beam the same general source configuration is used but without an entrance
slit. The inclusion or lack of an entrance slit is due to a desire to limit source size broadening.
The source has an effective width which is the in-plane size of the fluorescing sample as seen
by the diffracting analyzer, Fig. 11. This width will span point-to-point energy positions above
and below the intended energy which will still be detected and cause broadening of the
measured spectrum. For large samples with an unfocused beam this can be a large effect, but

using a focused beam or entrance slit constrains the effective source width.

Effective
Source Width

Figure 11. Diagram showing source size broadening. The effective source width, size of the
source as seen by the analyzer, spans a range of energy locations on the Rowland circle: E; to
E». This allows x-rays with an energy not specified by the point-to-point spectrometer
geometry to be detected leading to broadening of spectral features.
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The source configuration for a specific experiment is chosen to maximize the measured
sample fluorescence intensity while minimizing source size error. The intensity is primarily
determined by the power of the x-ray source but secondarily by the sample geometry both in
size and orientation with respect to the x-ray source. Geometries are chosen to maximize the x-

ray beam power incident on the sample and the fluorescence incident on the analyzer.

Spherically Bent (L SBCA “*-‘1‘\%\
Crystal Analyzer Cut for Strain Releif

Cylindrically Bent
Crystal Analyzer

Figure 12. °*% Different types of a analyzers and analyzer arrays used in x-ray

spectrometers.

The analyzers used in these Rowland circle operations can take a variety of geometries
and compositions chosen for specific studies and uses, see Fig. 12 for examples. Analyzers will
be chosen with a material composition, typically Si, Ge, quartz, sapphire, or LiNbO3, and
crystal orientation normal to the surface, ex. [111] to give a specific d-spacing which allows
access to a specific energy range according to Bragg’s law. In this work the analyzers are used

individually but they can also be placed into an array to increase the solid angle subtended and
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therefore increase the collection efficiency of the spectrometer. Finally, analyzers will have
some curvature, either flat, cylindrically bent or spherically bent. If the analyzers are bent, they

will either be Johann or Johannson type, see Fig. 13.

=

Johann Johannson

Figure 13. (From Kowalska et. al.*!) Shown are the crystal planes, C, in bent crystal analyzers
which are used to focus x-rays from the source location, S, to the detector location D on the
Rowland circle. Johannson analyzers do this perfectly while Johann analyzers will have some
spread in detector location for a single energy.
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Figure 14. Diagram of Johann error due to the deviation of the surface of Johann type crystal
analyzers from the Rowland circle.

Bent crystal analyzers, both Johann and Johannson, start as flat crystals cut or grown
along a crystallographic plane. Then the crystals are curved to a radius twice that of the
Rowland circle they will be used for and bonded to a substrate to hold that shape. Johann
analyzers are complete after this step, having the correct geometry for Rowland operation and
crystal structure enabling x-ray diffraction to perform XES. But since a Johann crystal analyzer
has a radius twice that of the Rowland circle it’s surface only lies on the Rowland circle at its
center, deviating more from the Rowland circle further out from the center you are, Fig. 13.
This deviation results in x-rays at one source location being at slightly different Bragg angles,
and therefore energy, when diffracted from the center verses the edge of the analyzer, Fig. 14.

This leads to a broadening of spectral features and is called Johann error.

This error can be minimized in a few ways. Operationally by working at large Bragg
angles close to backscatter the Bragg angle deviation between the center and edge of the
analyzer is minimized, see Chen et. al*>. Mechanically the edge of the analyzer can be masked

leaving the center of the analyzer, where the Johann error is smaller, exposed; although this
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comes with the downside of a lower count rate. Systematically to remove the Johann error a

Johannson analyzer can be used.

Johannson analyzers are made initially the same a Johann analyzers but with an extra
step after curving the crystal of grinding the analyzer surface to match the radius of the
Rowland circle, Fig. 13. This results in the analyzer crystal planes having twice the radius of
the Rowland circle, keeping diffraction the same, but the surface of the analyzer now lays atop
the Rowland circle. Consequently x-rays will diffract with the same Bragg angle from any part

of the analyzer, resulting in no Johann error.

/ Source

Actual possible .
__refocusing positions:. i Crystal

Expected refocusing
position (optical)

Circle

Figure 15. (From Seidler et. al.**) Diagram showing the effect of wafer miscut in SBCAs on
the detector position of diffracted x-ray fluorescence.
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While crystal analyzers are made with a specified crystallographic plane parallel to the
crystal surface, in practice the crystal plane will not be perfectly parallel to the analyzer surface
and the angular difference, usually on a scale of hundredths to tenths of a degree, is called
crystal miscut, Fig. 15. This crystal miscut leads to diffracted photons not hitting the Rowland
circle at the calculated detection position, given the d-spacing and Bragg angle, but instead on a
circle around it. This crystal miscut is corrected by first rotating the crystal so the diffracted x-
rays are in the Rowland plane and then adding an offset to the detector angle position relative to

the Bragg angle so the diffracted x-rays are incident on the detector®.

The diffracted radiation off the crystal analyzers is observed by various types of
detectors. The two used for the work here are single pixel silicon drift detectors (SDDs) for
point-to-point spectrometers and CMOS camera position-sensitive detectors®> for DRR
spectrometers. Both have a similar underlying principle of converting an incoming x-ray into an
electrical signal proportional to the energy of the x-ray. The SDDs have no position sensitivity
with a single pixel but have excellent energy resolution and noise suppression. The CMOS
detectors have a large pixel array enabling position sensitivity along with energy detection and,

while comparatively worse, still have acceptable resolution and noise suppression.
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Chapter 2 — X-ray Emission Spectra

1. X-ray Fluorescence

The process of x-ray fluorescence, shown in Fig. 1, starts when an atom in an initial
relaxed electronic state absorbs an x-ray photon that excites a bound electron into a higher
electron orbital or into the continuum. This leaves a hole with the atom in an intermediate state.
The hole is filled by an electron from a higher orbital resulting (with some probability) in a
fluorescence x-ray whose energy is equal to the difference in the orbital energies. These orbital
energies can take on different values depending on the atomic and environmental conditions.
They can be calculated and discussed through the initial and final state wave functions with a
Hamiltonian of the form in Eq. 1'. Hg, represents the single electron energy level. An example
of the Hg, is given in Eq. 2 for emission from a 2p electron filling a 1s hole in a 3d transition
metal element. e4ny, £5pN7p, and &,4n4 represent the 3d, 2p, and 1s energy levels respectively.

Huitipter in Eq. 1 represents multiplet couplings from multipole terms of orbital interactions

such as 2p-3d exchange interaction, 3d-3d Coulomb interaction, or spin-orbit coupling. Hr
represents the crystal-field effects from ligand bond splitting of valence level orbitals.
H = Hgp, + Hytipier + Her (1)
Hg = gang + &5pNyp + €514 (2)

Following the notation of Siegbahn, x-ray fluorescence is labeled by a capital Latin
script letter, a Greek lowercase letter, and an Arabic numeral which generally represent,
respectively, the orbital of the hole in the intermediate state, the orbital of the electron which
fills it in the final state and the subshell of that same electron. This work will address K-
emission XES which follows after initial excitation in the 1s orbital.

X-ray fluorescence is very commonly used for element identification by low-resolution
spectrometers>*. Here, we focus on high-resolution studies of XRF that are capable of resolving
information about oxidation state and local chemical environment. Such studies, as mentioned

in more detail in Chap. 1, are commonly called ‘X-ray Emission Spectroscopy’ (XES).
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Comprehensive treatments of x-ray emission spectroscopy are given in Glatzel and
Bergmann® and DeGroot and Kotani® ’. We summarize here some key points for context for the

subsequent chapters that report experimental results.

: - = 2s
Ko/KB/VtC
% > Emission

& 1s

Figure 1. Diagram of the process for secondary X-ray fluorescence from an atom, shown for
Ni. An incoming primary X-ray photon scatters an electron creating a hole in an inner electron
shell which is then filled by a higher energy electron emitting a secondary x-ray.
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2. Ko XES
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Figure 2. Transitions leading to Ka and KB emission for phosphorus®.

Ko x-ray emission comes from an electron in the 2p orbital filling the 1s hole as shown
in Fig. 1. It has two main features, Koy and Ko, coming from an electron filling the hole from
the 2p3/2 and 2p12 subshells which have distinct energies due to spin-orbit splitting of the 2p
orbital. There is equal probability of any non-interacting electron in the 2p orbital filling the 1s
hole but due to the occupation of the 2p3,> subshell being twice the occupation of the 2p1.2, Kau
emission is about twice as intense as Kao. This intensity difference along with the inherent
broadenings of x-ray emission, such as core hole lifetime and experimental broadenings, like
source size or Johann error, lead to Ko XES having a typical doublet profile, see Fig. 3. When

electron-electron interactions cannot be ignored this typical doublet profile is slightly distorted

as in Fig. 6.
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Figure 3. Phosphorus Ka spectrum from three materials, indium phosphide, trioctylphosphine
oxide, and sodium phosphate. The typical doublet profile of Ka spectra is shown for all three
materials as well as a shift in energy due to oxidation state, with higher oxidation states

increasing the energy’.

Ko XES for third row main group (Group 3) elements, like sulfur and phosphorus in this
work, arise from the intermediate state of 1s!2p® transitioning to a final state of 1s?2p°, see Fig.
2. Due to Group 3 elements having a relatively simple electronic structure the Hamiltonian will
be dominated by the Hg;, term; with only 3p valence electrons, which do not couple with the 2p
orbital, there are no multiplet effects and with Ka being a core-to-core (CtC) emission process
there are no crystal field terms. The Ka doublet profile therefore remains constant with only
shifts in energy depending on the oxidation state of the atom, see Fig. 3. These energy shifts are
due to the change in nuclear screening felt by the 2p electron orbital due to the 3p electrons. As
the screening of the nucleus decreases with an increase in oxidation state, all electrons are more
tightly bound to the nucleus but electrons closer to the nucleus feel a greater effect, increasing
the energy separation of the 2p and 1s orbitals. This oxidation state dependent energy shift
along with the constant spectral profile leads to Ka emission being an excellent analytical tool

for finding sulfur or phosphorus oxidation state distributions by fitting reference spectra with
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known oxidation states to a sample spectrum with unknown or mixed sample oxidation state,

Fig. 4.

Intensity

1
2302 2306 2310 2314
Energy (eV)

Figure 4. Linear combination fit of sulfidic (lower energy) and sulfate (higher energy)
reference Ko XES spectra to a S Ka XES spectra of a biochar sample to extract the oxidation

state ratio'”.
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Figure 5. Transitions leading to Ko and KB emission for 3d transition metals®.

Ko XES from 3d transition metals (3d TM) is more complicated due to the presence of
3d valence electrons, Fig. 5. The atomic-like intermediate state is a core hole is 1s'2p®3d™ but in
real materials the presence of a ligand causes a more complicated intermediate state 1s'2p®3d™ +
1s'2p®3d™'L, where L represents a ligand hole state with energy €34 — €2p. Due to the lowered
energy, the atom will have predominantly 1s'2p®3d™"'L character when ligands are present, as
they are in this work, and the state is simplified to just 1s'2p®3d™'L. The final state will be
1s*2p°3d™"'L. The Ka doublet shape for 3d TM isn’t constant due to exchange interactions
between the 2p and 3d levels leading to a nonzero Hp,ytipier term. Depending on the metal-ion
spin state, i.e. number of unpaired 3d electrons, the ideal, atomic-like Ko emission is split into
more lines. This changes the FWHM as shown in Fig. 6, with a higher spin state having a larger
FWHM, although this effect plateaus at very high spin states as 3d electrons will cross over

back to the ligand 2p orbitals. The Koz emission line is similarly affected but has an additional
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broadening compared to the Ko due to the Coster-Kronig effect, where the final state 2p1/; hole
is filled by a 2p3 electron.

12000 - , — .

. FE'D‘ il
0000 | —— KylFe(CN)g)
" Ka[Fa{CTN)g)

Intensity (arb. units)

ﬂ L
6380 6390 6400 6410
X-ray energy (eV)

Figure 6. Fe Ka spectra for iron oxide, potassium hexacyanoferrate (II) and potassium
hexacyanoferrate (II1). The FWHM of the Ko peak for these compounds decreases as the Fe
spin decreases with iron oxide, potassium hexacyanoferrate (II) and potassium
hexacyanoferrate (III) having four, one, and zero unpaired 3d electrons!!.
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Figure 7. S Kf spectra of three sulfur containing compounds. The main K3 peak at or a
little below 0 eV is emission from transitions of 3p to 1s orbitals with the other important
peak at about -15 eV, KB’, being emission from the ligand 2s orbital to sulfur 1s orbital. The
energy scale is set by the K13 peak of Na2SO4. Phosphorous has the same features'?.

Intensity (arb. units)

KB x-ray emission results from the decay of a 3p electron to a s orbital hole, Fig. 1 and
Fig. 5. The main feature is KB 3 which includes emission from both 3p3/2 and 3p1,; orbitals
which, unlike Ka, cannot be separated due to the weak spin-orbit coupling of the 3p orbital.
Other features in the Kf spectrum are dependent on the atom and its local environment, as we

now will discuss.

For Group 3 elements, like phosphorus and sulfur, K XES is a valence-to-core XES
(VtC-XES) and therefore reflect the valence band electronic structure and the bonding
environment, Fig. 2. Instead of transitions from atomic orbitals to fill the 1s hole, there are
transitions from molecular orbitals (MOs) mixing Group 3 3p and ligand orbitals to varying

degrees and resulting in a Hamiltonian with a nonzero H.r term. The specific MOs that form
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and the amount of 3p and ligand character depends on the chemical bonding. This makes VtC-

XES a direct tool for studying Group 3 valence electronic structure and chemical bonding.

A few features are common in most Group 3 K spectra and will be discussed here. The
Kp1,3 mainline comes from MOs with some ligand 2p character in 6-bonds and is the strongest
feature due to the large overlap of the orbitals in this type of bonding. In addition to the K13
mainline there are three common satellite features: KB, KBx, and Kf’. The KB satellite peak
is just above the K13 peak in energy, as in dibenzothiophene in Fig. 7, and comes from mixing
of ligand 2p and Group 3 3p from n-bonding; this feature is typically weaker than the Kf1 3 due
to the smaller orbital overlap. The KBy satellite peak just below the K13 peak in energy, see
ZnS in Fig. 7 (-8eV), comes from hybridization of ligand 2p or 2s with Group 3 3p when the
ligand is protonated, lowering the energy of select MOs. The K’ peak, prominent in Na;SOg at
-15 eV in Fig. 7, comes from MOs with mainly ligand 2s character. Due to its separation from
the KB mainline and its orbital character being primarily ligand it is a very useful indicator of

ligand speciation.

30



Intensity (a.u.)

6465 6475 6485
Energy (eV)

Figure 8. K x-ray emission spectra of three manganese oxides with different Mn
oxidation states. The change in 3d valence electrons with oxidation state changes is
reflected in the strength of the KB peak and the splitting in energy of the KB and K1 3
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3d TM KB CtC-XES, generally just called KB XES, comes from intermediate states of
1s'3p®3d™!L transitioning into final states of 1s?3p>3d™*'L. Due to the strong (3p,3d) exchange
coupling the multiplet effects of this interaction lead to a new feature, the K’ satellite peak. In
the final state of 3d TM Kp fluorescence, if the spin of the unpaired 3d electrons and 3p hole
are parallel it results in KB’ or antiparallel for KB1,3. Due to the exchange interaction of parallel
spins being stronger, the Kf3’ satellite appears at lower energy compared to the K13 peak.
Additionally the separation between the K13 peak and Kf’ satellite and the Kf’ satellite
intensity increase with more unpaired 3d electrons since more unpaired 3d electrons results in a

larger (3p,3d) exchange interaction. In this way the K13 and KB’ splitting, and more easily the



Kp’ intensity, can be used as an indicator of oxidation state and/or metal-ion spin state as in Fig.
8 where a larger Mn oxidation state leads to fewer Mn 3d electrons and therefore smaller peak
splitting and a smaller K3’ feature. Other effects like the crystal field, 3d spin orbit coupling
and Jahn-Teller distortions are present and lead to more multiplet peaks, and therefore changes

to the FWHM, but are much weaker and not discussed here.

3d TM KB VtC-XES comes from transitions of MOs with 3d character into the 1s hole,
i.e., intermediate states of 1s!'3p®3d™"'L transitioning into final states of 1s*3p®3d"L. Due to
dipole selection rules these transitions from 3d MOs are very weak but strongly reflect the
ligand s and p orbitals involved in bonding. There are two main features in 3d TM K VtC-
XES, KB and K,5. The Kf2,5 peaks arise from transitions from MOs with ligand 2p character
and appear just below the Fermi level. The KB peaks are from MOs with ligand 2s character
and appear at lower energy compared to KB, 5 by the energy difference in binding energies
between ligand s and ligand p orbitals. This makes the KB’ peak an indicator, with some
limitations'#, of the ligand speciation as shown in the upper part of Fig. 9, where three VtC
spectra for different Mn compounds with either F, O or N ligands have a distinct KB’ energy.
The KB” peak is also very sensitive to ligand to metal bond distance due to the localization of
the ligand 2s orbital which causes the intensity to decrease quickly with increased bond
distance. An example is shown in the bottom and inset of Fig. 9 where VtC spectrum of
different Mn oxides, all having Mn-O bonds, show a large change in intensity of the KB’ peak

which when plotted against the Mn-O bond distance reveals a roughly ,exponential trend.
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Figure 9. (Top) KB VtC for Mn samples with F, O, and N ligands showing the shift in K"
with ligand species. (Bottom) K VtC for Mn oxides with different oxidation states. From top
to bottom: KMnY"O4, [EtsN][Mn"(0)(n*-L)], B-Mn'VO,, LiMn""Mn'VO4 and ZnMn",0y4,
Mn"O, LizMn'VOs. (Inset) The change in KB integrated intensity with change in bond
distance for the same Mn oxides'”.
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Chapter 3 - An Exploration of Benchtop X-ray
Emission Spectroscopy for Precise Characterization

of the Sulfur Redox State in Cementitious Materials

Originally published as: J. Abramson, N. Avalos, A. Bourchy, S. Saslow, G. T. Seidler. X-ray
Spectrometry 2021 Vol. 51 Issue 2 Page 151. J. Abramson wrote and conducted the majority of

this work.

The evolution of sulfur chemistry in cements is best known in the bailiwick of failure
mechanisms via sulfate attack but is equally important for its contributions to the reduction
capacity of cementitious materials often used for immobilizing nuclear waste streams destined
for long-term storage, e.g., cementitious waste forms (CWF). The total reduction capacity of
CWFs, encompassing contributions from both S and Fe reductants, and its implications toward
radionuclide immobilization is most often studied by destructive wet chemistry methods
requiring acid digestion in the presence of Ce(IV) and subsequent titration and colorimetric
interpretation. Here, we investigate a similarly analytical but nondestructive alternative,
benchtop high resolution wavelength-dispersive x-ray fluorescence spectroscopy, most
commonly known as x-ray emission spectroscopy (XES), for probing the bulk sulfur oxidation
state distribution. We present here an initial investigation of S XES, including an improved
experimental protocol for lab XES of inhomogeneous samples, both as a complement to the

Ce(1V) test and for new scientific opportunities that it enables for observing changes in sulfur
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chemistry. We discuss future improvements and opportunities, including: (1) the practical
challenges associated with coordinating XES and Ce(1V) liquid extraction for a more
comprehensive perspective on reduction capacity and for a high-precision evaluation of
uncertainties in the Ce(1V) test; and (2) new opportunities, due to the nondestructive nature of
XES, for controlled evolution studies aimed at elucidating specific chemical responses of CWFs
exposed to invasive gas or liquid species or to accelerated aging by radiative dose or thermal

treatment.
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1. Introduction

The retention of toxic metals and radionuclides of concern within cementitious waste
forms (CWFs) can be improved with the addition of strong reductants to cement dry blends
(e.g., blast furnace slag (BFS) and sodium sulfide)'. For instance, technetium-99 (**Tc), most
often present in its oxidized form as pertechnetate (Tc(VII)O4') in nuclear waste streams, is less
soluble in its reduced Tc(IV) state, e.g., as **Tc oxides (TcO2-nH,0) and sulfides (Tc2S7).2
Therefore, the conversion of redox-sensitive contaminants to a less soluble species by the
addition of reductants has been widely explored as a valuable method to decrease their
likelihood of leaching from the CWF and into the environment surrounding the containment
media.!>* Also, the use of a variety of reductants that can sustain reducing conditions over the
life cycle of CWFs would delay the re-oxidation of contaminants and their subsequent release.
For this reason, the ability to quantify the reduction capacity of CWFs, their dry mix
ingredients, and any additives for boosting the reducing capacity of a CWF is central to both
monitoring existing CWFs and the development of improved materials that delay contaminant
release via redox processes.

The Ce(IV) method is a common analytical tool for determination of the total (non-
element-specific) reduction capacity of cementitious materials and has been used in several
CWF development studies.! 37 Specifically, a reduction capacity is calculated by determining
the difference between the initial oxidizing equivalents in the Ce(IV) solution and the reducing
equivalents of Fe(II) required to neutralize excess Ce(IV) after reacting the solution with the
CWF sample for several days.! Because the Ce(IV) solution is 10% H2SO4 and is highly acidic
(pH ranges from 0-1), this facilitates the dissolution of most of the sample (crushed to a particle

size <2 mm) with the aim of providing a measure of total reductive capacity, with
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contributions from ferrous iron oxides, sulfides, and other reductants for CWFs. This approach
is different from the sibling Cr(VI) method, which uses a neutral (pH 7) solution to target
reduction capacity contributions from the exposed sample surface. However, there are several
caveats to using the Ce(IV) and Cr(VI) methods. Both methods require the partial destruction of
the sample to maximize oxidant exposure to reductants in the sample, though sample
dissolution is more severe when using the highly acidic Ce(IV) method. Second, titration of the
Ce(IV) leachate with 20 mM ammonium ferrous sulfate until the solution turns/remains a lilac
color relies on the analysts’ best judgment, which creates room for human error. Lastly, these
methods are labor intensive, requiring approximately 20 person-hours for the analysis of 15
specimens based on the tests performed herein. These issues highlight the importance of finding
a non-destructive benchtop capability that can quantitatively address total reduction capacity.
However, the fact that the Ce(IV) method measures a total reductive capacity at all is
already limiting from the perspective of understanding the detailed chemical evolution within
the CWF. As one example, we propose that there should be special benefit to tracking the
evolving sulfur oxidation state, and hence its contribution to reductive capacity, within these
CWFs due to the ability for sulfides to form less soluble phases compared to other reductants.
For instance, CWFs that are capable of reducing **Tc to a less soluble phase with sulfides
[Te(VII)O4 to a Te(IV) sulfide] retain *°Tc better than CWFs that form Tc(IV) oxides instead.
The formation of Tc(IV) sulfide in CWFs is favorable because a multi-step release pathway is
required to revert this phase to its mobile Tc(VII) species [Tc(IV) sulfide — Te(IV) oxide —
Tc(VID)O4], therefore slowing the oxidation and release process.”® However, as reduction

capacity is lost with time, contaminants like *Tc within CWFs are at increased risk for
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oxidation and subsequent release to the surrounding environment. As such, the ability to
nondestructively monitor and quantify the sulfur-related reduction capacity in CWFs as they
age offers a valuable tool for assessing CWF performance and predicting future environmental
risks due to contaminant release.

Given that the relevant chemical question is the quantification and monitoring of the
redox state and hence reductive capacity of specific elements, one can naturally consider
whether x-ray absorption near edge structure (XANES) could play a role. XANES indeed sees
extensive use to address the question of oxidation state distributions and more generally the
mineral chemistry of species in CWFs,%! but for the present case of modest S concentrations in
a cementitious matrix S K-edge XANES requires synchrotron x-ray access, which does not fit
our goal of a high-access, analytical method for evaluating S-contributed reduction capacity.
Furthermore, the reliability of oxidation state distributions inferred by XANES is necessarily
limited by the ability to define extremely relevant reference standards.!' In complex,
multiphase systems with numerous redox active phases and interfaces, such as most
cementitious materials, the selection of reference compounds for, e.g., using principal
component analysis to infer oxidation state ratios, is nontrivial and may well be extremely
cement-system specific.

It is interesting to instead consider a related route that admittedly forgoes much of the
detailed structural information that is available from XANES but retains and can considerably
simplify extraction of simple oxidation state distribution information. Specifically, instead of
looking at the spectrum of x-rays absorbed we instead consider the spectrum of x-rays emitted

by S in cementitious materials. This technique, x-ray fluorescence (XRF) and more specifically
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wavelength dispersive x-ray fluorescence (WD-XRF) where emitted x-rays are diffracted by a
crystal analyzer, has seen use in the last half century to monitor S content and speciation of
various materials, oil, minerals, and plant tissue among others'?!7. More recently WD-XRF has

18,19 and in these

been employed to look at cementitious materials and sulfate attack of cements
studies that pursued the question of oxidation state the photon energy resolution was unable to
separate the Ko and Ko, peaks. Consequently, estimations for oxidation state were somewhat
sensitive to assumptions about relevant reference compounds because of the weak dispersion of
fluorescence line energies even within a nominal classical oxidation state, as has been
demonstrated with higher-resolution S WD-XRF studies over several decades®®-2,

Here, we take the next step and perform such a higher resolution WD-XRF study
wherein we follow the habit in the synchrotron x-ray community to call the technique x-ray
emission spectroscopy (XES), a label that is reserved for when the energy resolution becomes
comparable to the intrinsic broadening due to the core-hole lifetime of the photoexcited species.
Unlike XANES, which requires synchrotron access when the species of interest is dilute,
nonresonant XES can be performed with lab-based equipment even for relatively dilute
systems!!:3334 'We find that the sulfur content in several cementitious materials relevant for
CWFs is sufficient for relatively rapid in-house measurement of the S Ka XES, and that the
resulting spectra can be fit with high precision to reference standards when allowing an
additional fit parameter for small shifts in the nominal Ka location due to chemical effects
within the same nominal oxidation state?!-22,

Looking to the future, this opens several venues. First, the nondestructive nature of the

measurement allows for simple and accelerated aging studies, or for studies investigating more
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aggressive chemical changes due to exposure to Oz, CO», SO4>, or Ha. Second, if issues
surrounding the high variability of elemental compositions in the constituent dry mixes of the
CWEF can be addressed, then S-specific reductive capacities can be inferred from the measured
sulfide/sulfate ratios, so that the combination with the Ce(IV) method will then allow isolation
of the relative S-specific and Fe-specific reductive capacities with only benchtop methods.

2. Methods

2.1 Materials

Cement dry and additive ingredients — Fly ash (FA), which qualifies as class C and F, was
provided by the Centralia, Washington power plant.> Grade 100 blast furnace slag (BFS) and
Type I/II ordinary portland cement (OPC) were both supplied by Lafarge North America Inc
(Seattle, Washington State, USA). Two sources of BFS and OPC were used across the cements
studied in this work: BFS-new is from material received after 2018, whereas BFS-old is
material used for cements formulated in 2018 only. OPC-new material impacts only the 2020
cement formulations, whereas OPC-old is material used in all formulations before 2020.
PowerPozz ™ metakaolin, used to formulated geopolymer-based CWFs, was purchased from
Advanced Cement Technologies (Washington State, USA) and the potassium metal sulfide II
(KMS-2) getter was synthesized according to a previously published procedure®®. For the
purpose of this study, KMS-2 was evaluated as a high-sulfide benchmark material and has been

investigated as a CWF additive for improving reduction and immobilization of **Tc?’.

Fresh and Aged Cement Specimens - Different cement formulations were analyzed in this study
to evaluate how reduction capacity (presented as fraction sulfide) changes as a function of time

using XES (described later). Cement formulations were also analyzed using the Ce(IV) method
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to determine total reduction capacity (presented as peq/g,) in attempt to separate S and Fe
contributions in combination with XES. Hanford Grout Mix 5 (HGM-5) is a baseline CWF
formulation used currently for disposal activities at the Hanford Site nuclear waste reservation
in South Eastern Washington.*® The HGM-5 formulation has a low reducing capacity,
consisting of a dry ingredient mix containing 75 wt% FA and 25 wt% OPC and mixed at a
water-to-dry-mix (wdm) ratio of 0.29. The second formulation, Cast Stone (CS), is a more
reducing formulation that has been the focus of Hanford waste form development efforts over
the past decade.’> 384° CS consists of 45 wt% FA, 8 wt% OPC and 47 wt% BFS mixed at a
wdm ratio of 0.45. Finally, a geopolymer formulation containing 70 wt% BFS, 17 wt%
metakaolin and 13 wt% anhydrous solids from the activating solution, e.g., Na;O and SiO», and
mixed with water at a wdm ratio of 0.60 was also studied. For archived cementitious material
that have been exposed to ambient conditions over time (between 1 to 2 years), selected
specimens are identified in Table 1 and preparation details may be found for archived samples

in the respective cited literature. 4!

Grout Fabrication (HGM5-2020 and CS-2020 specimens) — New CS and HGM-5 grout
formulations were fabricated for the purpose of providing an early age CWF for this study.
Specific dry ingredient and double deionized water (DDI) amounts for fabrication of each
formulation is listed in Table 2. A pre-determined amount of DDI was added to a plastic 0.1 L
Nalgene beaker. Then, grout dry ingredients (previously weighed and homogenized by hand in
a plastic bag) were added into the beaker and mixed by hand for 3 minutes or until no visible

chunks were present. The resultant slurry was then poured into plastic 2” x 4” forms for curing
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for 28 days at room temperature and >80% relative humidity conditions. At the end of 28 days,
the cured CWF was removed from the mold and stored at ambient conditions with a damp

paper towel sustaining a humid environment for approximately 6-months.

Dry Ingredient Mixtures for CS and HGMS Formulations — It is important to note that two dry
ingredient mixtures were analyzed for the CS and HGMS5 formulations. One set was taken from
left over dry ingredients used to make CS and HGMS CWFs used in studies performed in 2018
(HGM5-2018-Dry Mix and CS-2018-Dry Mix).*® The second set was prepared in 2021 for the
purpose of this study using the source materials used to formulate all CWFs after 2018 (HGMS5-
2020-Dry Mix and CS-2020-Dry Mix). As noted earlier, between 2018 and 2019, a new batch
of BFS was acquired (BFS-new). As the primary contributor of reducing agents, this change in
BFS source material will play a key role in the results discussion. Additionally, a new source of

OPC was acquired in February 2020 (OPC-new).
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Specimen name Report
"HGMS5-2018 Asmussen et. al 2019
HGMS5-2019 Saslow et al. 2021
“HGMS5-2020 Unpublished

*CS-2018 Asmussen et. al 2019

CS-2019 Saslow et al. 2021

*CS-2020 Unpublished
Geopolymer-2019 Saslow et al. 2021

* Approximately 0.1 g of homogenized dry mix material from this
formulation year was used for Ce(IV) dry ingredient mix analysis (Samples
CS-2018-Dry Mix and HGM5-2018-Dry Mix).

** Approximately 0.1 g of homogenized dry mix material was reserved
prior to fabrication for use in preparing dry ingredient mix pellets for XES
analysis.

Table 1: Archived cementitious specimen sources, see Saslow, et al.*!, and Asmussen, et

al.*3, for details.

Pellet preparation - Grout specimens listed in Table 2 were milled to a powder for 5 minutes.
Pellets (~100 mg up to 400 mg) from materials listed in Table SI-1 were made using a manual
hydraulic press (Carver Laboratory press) with a die size of 13 mm in diameter. Approximately
10 wt% cellulose was used for select materials in Table SI-1 to improve pellet binding. For the
HGMS and CS 2018 and 2020 samples, triplicate pellets (sample names ending in -1, -2, and -

3) were prepared to assess reproducibility of the XES and or Ce(IV) analytical methods.
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Specimen
Name wdm FA (g) OPC (g) BFS (g) DDI (g)
HGMS5-2020 0.29 64.8 21.6 - 25.0
CS-2020 0.45 25.0 4.4 26.2 25.0

Table 2: Freshly made cementitious specimen ingredients. Column description: wdm =
‘water to dry mix’; FA = “fly ash’, OPC = ‘ordinary Portland cement’; BFS = ‘blast furnace
slag’; DDI = ‘double deionized water’.

2.2 S Ka X-ray Emission Spectroscopy (XES)

Sulfur Ko XES spectra were obtained from the prepared cementitious pellets and sulfide
and sulfate reference compounds using an updated version of the laboratory S XES
spectrometer previously reported in Holden, et al. ** Briefly, this instrument achieves better
than 1-eV energy resolution via a Si (111) cylindrically bent analyzer on a 10-cm diameter
Rowland circle. The x-ray illumination on the sample is large (~1 cm?) and a CMOS x-ray
camera * placed tangent to the Rowland circle completes the ‘Dispersive Rowland Refocusing’
(DRR) geometry. > An average Bragg angle of 58.9 degrees ensures that the correct energy
range 1s projected onto the detector plane. This spectrometer has been previously used for
studies of oxidation state and more complex electronic structure for sulfur and phosphorus
compounds showing excellent agreement with synchrotron results, including for the reference
compounds used here and cited below!! 214445,

All measurements were performed using an unfocused, commercial X-ray tube (model
VF-50 with Pd anode, from Varex, Inc.) operated at 50 W tube power (25 kV and 2 mA). The
sample space is held at ~100mTorr vacuum. The instrument was allowed to stabilize for at least

an hour with the tube at the desired power before data collection to prevent any thermal drift.

To ensure consistency of energy scale calibration across the entire effort, for each group of
45



samples we also measured the same two reference materials, i.e., crystalline ZnS (MTI Corp.)
and Na;SO4 powder (Fisher Chemical, sealed in an 8-um wall thickness polyimide pouch). The
overall energy scale itself was set by the S Ko emission of ZnS at 2307.69 eV?2.

It is useful here to motivate and explain a change in sample measurement protocol that
was inspired by the possibility of spatially inhomogeneous materials. A schematic of the
dispersive Rowland refocusing (DRR) spectrometer together with the collection cones from
different energy points is given in Figure 1. Sample inhomogeneity will result in a biasing of
the overall shape of the spectrum due to the collection cones seeing different parts of the
inhomogeneous sample. Similarly, see Figures 1(a) — 1(c), if the sample is smaller than the
total collection cone width and not positioned correctly then the efficiencies of collection at
different energies will depend on the sample position. This is illustrated in Figure 2 by the
progression in spectral shapes due to the ‘cone-crossing’ of a small cementitious sample,
HGMS5-2018-1. In past studies with DRR spectrometers'!: 2! 45 we have used large samples
that we anticipate would be strongly homogeneous, and simply centered the sample in the
collection cones. Here, we sweep the sample through the collection cones, taking short scans as
the sample is stepped through the cones, and sum the resulting position-dependent spectra.
This gives equal weight at all detected energies to all positions on the face of the sample. We
propose that this method, which does extend total measurement time by ~2x, should always be
used when there is any uncertainty in sample homogeneity.

Total measurement times were 3-5 hours for each cementitious sample, divided into
short 3 min scans where the sample was stepped through the analyzer collection cones, as

described above. The resulting, summed spectra were integral normalized with a linear
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background subtraction. In these studies, and in studies of similar samples where the sample
was held stationary, there was no evidence of x-ray beam damage.

The spectra were analyzed to find the fractions of sulfide and sulfate moieties in each
cementitious sample. This was done using a least squares fit of the spectra to a linear
superposition of the pure sulfide reference, ZnS, and pure sulfate reference, Na,SO4. For each
fit, a small energy shift was allowed independently for each of the sulfide and sulfate reference
spectra. This is necessary because of the nonzero chemical sensitivity of the Ko energies within
compounds of the same nominal oxidation state.?!?? The limitations of this ‘two endpoint’

approach, i.e., ignoring possible intermediate oxidation states, is discussed in section III.

Figure 1: DRR spectrometer schematic with three collection cones at different photon energies
that correspond to positions E1, E2, and E3 on the Rowland circle. Note how different sample
positions can result in different efficiency of data collection across the face of the detector, i.e.,
at different photon energies, due to different volumes and locations of the sample being present

at different energies.
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Figure 2: Illustration of the dependence of measured spectrum on sample position due to the
‘sampling cone’ issues of Fig. 1. Shown from bottom to top are spectra from a sample of
HGMS5-2018-2 (solid grey box) that is smaller than the total collection cone (black box).
Moving from position 1 (P1) to P2 and subsequent steps are a 1.3mm movement of the
sample in the Rowland plane. A clear shift from the spectra weighing higher energies to
lower energies can be seen as the sample moves across. Integrating these spectra results in a
measurement that averages over sample compositional variations with equal detection

efficiency at every photon energy.
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2.3 Ce(1V) method

Directions for all solution preparation and total reductive capacity measurements are
described in work by Um, et al.1 Specifically, reagent grade (NH4)2Fe(SO4)2 x 6H20 and
(NH4)4Ce(SO4)4 x 2H20 were purchased from Sigma-Aldrich and used to make the 20 mM
Fe(Il) and 40 mM Ce(IV) solutions, respectively. Concentrated (98%) H2SO4 was obtained
from Fisher chemical. Ferroin indicator solution was purchased from Fluka Analytical. The
concentration of Fe(Il) in the 20 mM Fe(II) solution was calibrated with a 100 mM Ce(1V)
standard from Fluka Analytical prior to the conduction of reduction capacity measurements.

Grout sample specimens were first milled and sieved to a size fraction of <2 mm.
Powdered cement ingredients were used as provided by the supplier. Crushed grout specimens
were then contacted with a 40 mM Ce(IV) solution, also consisting of 10% concentrated
H2S04, at a solution to solid ratio of 30 mL: 1 g and placed on an orbital shaker at 40 rpm for 4
days. At the end of the reaction period, solid-containing solutions were filtered using a 0.45 [Jm
Nalgene vacuum filter. For the powdered ingredients, solutions were centrifuged for 10 min at
2000 rpm prior to filtering (Table SI-2). Then, ferroin solution was added at a ratio of 1:100 to
the filtrate sample being titrated. The final solution was titrated using a burette that dispensed
20 mM Fe(II) solution until the solution turned a lilac or faint pink color. Titrations were

performed in triplicate.
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3. Results and Discussion
3.1 Sulfur oxidation states in cementitious materials

The S Ko XES spectra for all the cementitious materials along with the ZnS (top-most
curve) and NaxSO4 (bottom most curve) references are shown in Figure 3. Each curve shows a

Ko 2 doublet due to spin-order splitting, where the Ko at higher energy is due to 2p*? = 1s

transitions, while the Ko, is due to 2p'?> = 1s transitions, and consequently has roughly half as

3/2 172

much intensity because of the relative populations of the 2p”~ and 2p*'“ orbitals.
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Figure 3: XES spectra of all cementitious materials and the ZnS and Na>SO4 references. The

two vertical lines correspond to the Ko energies of the references.

50



The expected dominance of sulfate-containing phases in the cementitious materials and
their main ingredients is apparent from the general strength of the sulfate doublet in their
spectra. Some representative fits to a superposition of sulfide and sulfate contributions are
shown in Figure 4, where the sulfide contribution can be seen changing the shape of what
would otherwise be the Ko line from a sulfate moiety and adding a small lower-energy
shoulder at ~2306.5 eV. These inferred sulfide fractions as well as the shifts to the reference
spectra for each fit component (due to chemical effects®?) are given in Table 3. Some notable
outliers are KMS-2 and OPC-old which have sulfide fractions of 0.99 and 0.0099, respectively,
meaning that they contain sulfur as purely sulfide or sulfate. Additionally, metakaolin had an
unusual spectral shape which led it to a poor fit using the two reference spectra. This is most
likely due to the presence of other sulfur oxidation states, such as from sulfoxides?'. Previous
XANES studies of some BFS materials® '° show a significant contribution from sulfoxide
moieties, although we see no evidence for them in our BFS-new measurements.

As shown in Table 3, XES sulfide fraction measurements from multiple samples
sourced from the same batch of materials (CS-2018, CS-2020, HGM5-2018, and HGM5-2020
replicates 1-3) generally showed excellent reproducibility, with some exception for CS-2020.
The general trends in the sulfide fractions also make sense for the individual CWF dry
ingredients. When comparing the three dry ingredients used to formulate CS and HGMS5 CWFs,
the BFS has the largest sulfide fraction (0.16 S*), followed by mildly reducing FA (0.091 S*),
and finally OPC (0.0099 S*). As BFS is often added to CWF formulations to increase reducing
capacity of the immobilizing matrix, and with common reductants in BFS being FeS and CaS,*

? this general trend agrees with the literature.
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Figure 4: Linear superposition fits to sulfide and sulfate references for the S Ka. XES
spectrum of a Hanford Grout Mix (HGMY), a Cast Stone, and a Blast Furnace Slag sample. A

compendium of fits for all samples is presented in Fig. SI-1.
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A look at the trends across formulation years for Cast Stone samples and its dry mixes
at first reveals some unexpected results. Following the logic that reduction capacity deteriorates
with time, one would expect to measure the highest sulfide fraction in the dry mix material and
then lower sulfide fractions with each passing year as the cured CWF ages. In this study, 0.17
and 0.23 sulfide fractions were measured for the CS dry mixes (CS-2020-Dry Mix and CS-
2018-Dry Mix), which was comprised of BFS, OPC, and FA sources left over from the 2020
and 2018 formulation efforts. After approximately 6 months of aging, the sulfide fraction
decreased to 0.11 + 0.03 (CS-2020 1-3), and then in 2019 (corresponding to 1 year of aging),
this sulfide fraction plummeted to 0.050. However, the sulfide fraction then increased to 0.14 +
0.03 for CS aged 2 years (CS-2018 1-3). Upon further investigation into this sulfide fraction
disparity, we again note that a new batch of BFS was acquired between 2018 and 2019
formulation campaigns. And while both batches of BFS acquired meets ASTM C989/C989M-
18a requirements for Grade 100 BFS, including a maximum sulfide content of 2.5 wt%, the true
amount of sulfide is likely significantly different across these two BFS source batches (which
account for 47 wt% of dry ingredients added) based on these XES measurements*®. This is
supported by the higher sulfide fraction measured in the CS-2018-Dry Mix material of 0.23.
Finally, if we consider that the sulfide fraction decreased by up to 71% after aging mixed 2020
CS material for two years, then one would expect a sulfide fraction less than 0.07 in the CS-
2018 sample, which is the original sulfide fraction in the CS-2018-Dry Mix less 71%. Yet, the
CS-2018 sulfide fraction is 0.14, suggesting that the source materials used to formulate these
CWFs impacts not only the reducing capacity, but also the rate at which these CWFs age and

oxidize.
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Fraction Shift of Sulfide Shift of Sulfate
Sample Sulfide (ZnS) Reference (Na2S04)
(eV) Reference (eV)
CS-2020-Dry Mix 0.17 0.04 -0.07
CS-2020-1 0.079 0.17 0.055
CS-2020-2 0.11 0.14 0.0934
CS-2020-3 0.15 0.15 0.047
CS-2019 0.050 -0.19 -0.01
CS-2018-Dry Mix 0.23 0.064 -0.056
CS-2018-3 0.14 -0.04 -0.04
CS-2018-2 0.13 -0.03 -0.06
CS-2018-1 0.14 -0.02 -0.06
HGM3-2020-Dry | 33 -0.11 0.01
Mix
HGMS5-2020-1 0.034 -0.062 0.039
HGMS5-2020-2 0.088 0.018 0.030
HGM5-2020-3 0.027 0.055 -0.0012
HGMS5-2019 0.21 -0.04 -0.00
HGMS-2018-Dry 0.013 0.0040 -0.062
Mix
HGM5-2018-3 0.17 -0.01 -0.04
HGM5-2018-2 0.16 0.07 0.03
HGM5-2018-1 0.15 0.05 0.03
OPC-old 0.0099 -0.12 -0.03
FA 0.091 -0.19 -0.06
BFS-new 0.16 0.03 0.00
Geopolymer-2019 0.22 -0.02 0.02
Metakaolin 0.62 -0.22 0.18
KMS-2 0.99 -0.03 0.10
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Table 3: XES fit results of fraction sulfide and energy shifts of sulfide and sulfate references.

The sulfide fraction differences that can occur across different batches of the same
classified cementitious ingredients, also explains the unlikely trend in sulfide fractions across
the HGM-5 CWFs and the measured dry mixes. Simply, the HGM-5 dry mixes have sulfide

fractions equal to 0.038 HGM5-2020-Dry Materials and 0.013 HGMS5-2018-Dry Materials,




whereas the 2020, 2019 and 2018 cured CWFs have sulfide fractions equal to 0.050 + 0.03,
0.21 and 0.16 £ 0.01, respectively. Aside from the up to one order of magnitude jump in sulfide
content between the starting materials and the aged CWFs, there are two key points to make:
(1) BFS is not added to the HGM-5 formulation, therefore the majority of the reducing capacity
will come from FA (accounting for 75 wt% of dry ingredients), which was determined to have a
lower sulfide fraction (0.100), and (2) FA has a maximum SOj3 content of 5% according to
ASTM C618-19, with no designation for sulfide content, likely due to comparatively much
lower contributions to the FA material*’. It is also important to note that there is likely even
some variability in sulfide fraction across the OPC materials, considering the 0.025 increase in
sulfide in 2020 using the OPC-new material compared to the 2018 mix using OPC-old material.
At the time of this study, it was not possible to quantify the sulfide fraction of the exact
starting materials used for each CS and HGM-5 formulation year. As such, the unexpected
trends (or lack thereof) in the XES sulfide data as a function of CWF age underscores the
importance of measuring the sulfide fraction of all new starting materials used in CWFs in

future studies.

3.2 Future Directions: Comparison to Ce(IV) and New Possibilities for Longitudinal
Studies

Looking to the future, the ability to infer sulfur contributions to the reduction capacity
of cementitious materials would have clear benefit, perhaps especially when integrated with the
Ce(IV) test via prior knowledge of the total sulfur content in the CWF. For most CWFs, it is
expected that S and Fe are the two dominant species contributing to reduction capacity. As the

Ce(IV) test is sensitive to the total reduction capacity, the combination of the Ce(IV) test with
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benchtop S Ko XES has the potential to separate the S and Fe contributions with high-access
analytical methods. We report here only a first attempt at such an integration, finding promise
for the approach but (substantially) a need for a finer determination of S and Fe compositions to
make a meaningful combination of the two methods.

The sulfide fraction, x, can be converted to a sulfur reduction capacity by

x * S mass fraction in sample (g) *8 X 10° (&)

(LUEQ) mol
s(—) = -
g S atomic mass (ﬁ)

Eq. 1

Note the importance of knowledge of the S mass fraction in the sample for this conversion. A
head-to-head comparison of the Ce(IV) results, the S reduction capacity inferred from XES, and
the theoretical maximum reduction capacities for Fe, S, and full samples based on the average

Fe and S compositions reported in the literature," "> *®

are presented in Table 4. While there is
an overall order-of-magnitude agreement, there are numerous inconsistencies in Table 4. These
include cases where the inferred S reduction capacity from XES is larger than the total
reduction capacity from the Ce(IV) test, or where the deficit between the inferred S reduction
capacity and the Ce(IV) total reduction capacity is too large to be accommodated by even the
theoretical Fe reduction capacity, i.e., if all Fe was Fe(II) — which it certainly is not. Although S
Ka XES is sensitive only to the first few microns of sample while the Ce(IV) method is
sensitive to the bulk, we note that XES sample pellets were made from well mixed powders and
that spectra from the interior and surface were identical. The most likely explanations for these
discrepancies come from (1) incomplete dissolution of the sample used in the Ce(IV) method
that undervalues the total reduction capacity and, (2) the notorious inhomogeneity of industrial

8, 10, 49-51

cementitious materials . Large sample-to-sample variation in these relatively low mass
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fraction constituents (S and Fe) is not only possible but actually rather likely when comparing
measurements across formulation time series where consistent materials sources were not used.
In turn, this would result in large systematic errors in the inferred S reduction capacity from
XES (see Eq. 1) or the theoretical maximum reduction capacities in Table 4 without thorough

characterization of the starting materials.
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Based on Measurements

Estimated

and Knowledge of Based Solely on Composition s
o Composition
Composition
Ave. Calculated Calculated Calculated
Sulfide .
Ce(IV) Reduction Fe S Maximum
Sample Total Cea uac i;) Maximum Maximum Total Fe S
Reduction ()I()ECS) Y | Reduction Reduction Reduction
Capacity Capacity Capacity Capacity
(eq/g) (eq/g) (mg/kg)
HGMS5-2018 354 174%% 515 1114 1629 28740 | 4465
HGM5-2019 120 175 515 1114 1629 28740 | 4465
HGM5-2020 128 55%* 515 1114 1629 28740 | 4465
HGM5-2018-Dry Mix 99 14 515 1114 1629 28740 | 4465
HGMS5-2020-Dry Mix - 28 515 1114 1629 28740 | 4465
CS-2018 617 195%* 292 1528 1820 16305 | 6122
CS-2019 320 61 292 1528 1820 16305 | 6122
CS-2020 394 173%%* 292 1528 1820 16305 | 6122
CS-2018-Dry Mix 633 351 292 1528 1820 16305 | 6122
CS-2020-Dry Mix - 266 292 1528 1820 16305 | 6122
Geopolymer-2019 449 405 104 1843 1946 5784 | 7384
Metakaolinite 38 90 358 125 483 20000 | 500
BFS-new 777 522 114 3369 3483 6340 | 13500
FA 327 82 750 818 1568 41900 | 3280
OPC-old 93 33 405 3292 3697 22600 | 13200

Table 4: (left) Comparison of total reduction capacity from the Ce(IV) test and the sulfide

reduction capacity inferred from XES. (right) Theoretical maximum reduction capacities
from Fe, S, and both together, for each sample. The several discrepancies in the table are

discussed in the text and are likely due to the use of literature average values for S and Fe

content, rather than sample- specific measurement. Please note that HGMS5-2020-Dry Mix
and CS-2020-Dry Mix specimens were not analyzed using the Ce(IV) method. For this

reason, no measurement under Ave. Ce(IV) Total Reduction Capacity is provided.

*Based on element analysis reported for dry ingredients in Saslow et al. 20182

**Average values calculated from measurements of triplicate sub-samples of the source

material.
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There are three main considerations that need to be investigated in the future to
understand, and hopefully resolve, these disagreements: (1) the S and Fe contents should be
explicitly measured on the comparison samples, or at a minimum on the common (well mixed)
parent materials; (2) the escape length of S Ko photons in the present samples is only 2 — 4 um,
strongly suggesting that a protocol be developed to measure many samples and/or a flowing
powder to average over a more reliably representative sample volume; and (3) it would be
valuable to combine S XES determination of S reduction potential with an analogous Fe K-edge
XANES determination for a complete spectroscopic measurement of reduction potential in a
sample with finely known S and Fe content, and then compare that result with Ce(IV) to get a
bound on operator error in the colorimetric titration of the Ce(IV) test.

Before concluding, it is interesting to consider the future application of benchtop
characterization of S Ko oxidation state (without needing to continue to reduction capacity) in
cementitious materials, and CWFs in particular. First, from a purely spectroscopic perspective,
it would be beneficial to include S K3 measurements, as those have higher sensitivity to
moieties intermediate between nominally pure sulfide and sulfate®!. Moving on to science
outcomes, numerous applications, such as for CWF of heavy elements or for concrete

49, 52-54

secondary containment walls in deep geological repositories , require safety assessments

relevant for long timelines®® >°

. Yet longitudinal studies of cementitious materials under
relevant environmental conditions or without using aging accelerants, e.g., wet/dry cycling,

CO», O, temperature, and humidity, benchmarked against true age cement metrics remain

limited®*>%,
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In this context, nondestructive testing of the same sample, even if a small sample
volume, has clear value exactly because of the removal of sample-to-sample compositional
variation. S Ko XES studies of model CWFs under natural and accelerated aging conditions
would allow a precise study of the evolution of the sulfur redox chemistry and its evolution
under both representative conditions and those more accessible and realistic for research
programs. Standardizing aging methods for different cements, which includes a conversion
from cement sulfur chemistry (sulfide content) to an approximate true age of the cement, would
improve confidence in how cementitious materials will behave long-term and the associated
risk assessments.

Such studies could, for example, also be performed in anoxic environments or with
other specialized conditions that best mimic conditions in specific application spaces. For
instance, exposure to Hy, radiation fields, steel corrosion products, and or elevated temperatures
would be ideal for understanding the impact deep geologic repository conditions may have on
the cement used in engineered barriers of varying distance from disposed waste. Beyond
understanding the evolving sulfur redox chemistry within the cements under these varying
environmental conditions, there would be clear benefit to including such information in a multi-
modal studies with other cementitious properties as a function of age, e.g., compressive
strength, saturated permeability, and mineralogical transformations, that will also impact long-

term repository performance.
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4. Conclusions

We report measurement of the S Ko x-ray emission spectroscopy from a broad range of
cementitious materials having immediate relevance for cementitious waste forms (CWF) for
immobilization of radionuclides or other heavy elements. These nondestructive, benchtop
measurements can, with sufficient knowledge of sample composition, be used to quantify the
sulfur contribution to the CWF’s total reduction capacity. This approach to quantifying
reduction capacity offers a nondestructive alternative to the destructive Ce(IV) titration test
method with added element specificity for targeted tracking of chemical processes known to
impact CWF performance. Other future applications include especially longitudinal study of the
S redox chemistry as a function of direct and accelerated aging of CWFs in environments

relevant for storage conditions and facilities.
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Chapter 4 - Supplemental Information: An
Exploration of Benchtop X-ray Emission
Spectroscopy for Precise Characterization of the
Sulfur Redox State in Cementitious Materials

Originally published as: J. Abramson, N. Avalos, A. Bourchy, S. Saslow, G. T. Seidler. X-ray
Spectrometry 2021 Vol. 51 Issue 2 Page 151. J. Abramson wrote and conducted the majority of

this work.

67



Table SI-1 Pellet preparation from powdered materials

Specimen Name Specimen Mass (g) Cellulose Mass (g) Total Pgl)et Mass
HGM5-2018-1 0.1005 - 0.1005
HGMS5-2018-2 0.1005 - 0.1005
HGM5-2018-3 0.0995 - 0.0995

HGMS5-2019 0.3713 - 0.3713
HGM5-2020-1 0.1081 - 0.1081
HGMS5-2020-2 0.1035 - 0.1035
HGM5-2020-3 0.1024 - 0.1024

HGMS5-2020-Dry Mix 0.0959 0.0096 0.1004
HGM5-2018-Dry Mix 0.170 0.040" 0.210

2CS-2018-1 0.1000 ~0.0097 0.1000

2CS-2018-2 0.0995 ~0.0097 0.0995

2CS-2018-3 0.0996 ~0.0097 0.0996

CS-2019 0.3639 - 0.3639
CS-2020-1 0.1070 - 0.1070
CS-2020-2 0.1034 - 0.1034
CS-2020-3 0.1028 - 0.1028
CS-2020-Dry Mix 0.0875 0.0086 0.0933
CS-2018-Dry Mix 0.231 - 0.231
Geopolymer-2019 0.3801 - 0.3801
FA 0.2441 0.1007 0.3448
BFS-new 0.3907 - 0.3907
OPC-old 0.3697 - 0.3697
KMS-2 0.3098 - 0.3098
Metakaolin 0.1169 0.1169

2 Approximately 0.2998g of the CS-2018 specimen was mixed with 0.0292g of cellulose (10
wt%). Then, the homogenized material was divided in 3 parts (of approximately 0.1 g) to make
3 pellets total.

*Pellet was made from dry material at University of Washington and BN binder was used
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Table SI-2: Preparation of specimens for reduction capacity measurements using the Ce(IV)

method.

Specimen Name Specimen Mass (g) | 40 mM Ce(I1V) (mL)
HGMS5-2018 0.99 30
HGM5-2019 1.01 30
HGM5-2020 1.01 30

HGM5-2018-Dry Mix 0.494 15
CS-2018 1.01 30
CS-2019 1.01 30
CS-2020 1.00 30

2CS-2018-Dry Mix 0.500 15
Geopolymer-2019 1.01 30
'FA 1.00 30
'BFS-new 1.01 30
'OPC-old 1.01 30
"Metakaolinite 1.01 30

!Solutions were centrifuged following the 4 day reaction period in 40 mM Ce(IV)

2Dry mix prepared with BFS-old and/or OPC-old source materials used to formulate CWFs in

2018
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Figure SI-1 (below and following pages): A compendium of XES results with fits, references,

and residuals. Sample labels follow Table SI-1 and description in the main text.
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Chapter 5 - Laboratory X-ray Emission Spectrometer
for Phosphorus Ka and K Study of Air-Sensitive

Samples

Originally published as: J. Abramson, W. Holden, R. Rivera-Maldonado, A. Velian, B.
Cossairt, G. Seidler. Journal of Analytical Atomic Spectrometry 2023 Vol. 38 Page 1125-1134.

J. Abramson wrote and conducted the majority of this work.

The analytical chemistry of phosphorus-containing materials is often impeded by the long
measurement times and relatively large sample masses needed for *' P NMR spectroscopy, by
the scarcity and access limitations of synchrotron beamlines operating in the energy range of
the P K-edge, by the challenges posed by species interconversion during liquid extraction, and
by the considerable air-sensitivity typical of many phosphorus-containing materials and
nanophases. To this end, we report the design and operation of a new laboratory-based
spectrometer to simultaneously perform P Ka and Kf X-ray emission spectroscopy (XES) while
being housed in a research-grade controlled-atmosphere glovebox. Demonstration studies on
nickel phosphide nanophases illustrate the importance of air-free XES and the value of
simultaneous Ko and Kpf spectroscopy for identifying the P oxidation state and for investigating

nanoscale influences on valence level electronic structure.
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1. Introduction

Phosphorus is well known for its numerous biological functions and importance in
nutrition !5, but is seeing strong contemporary interest for applications of black phosphorus and
phosphorene ¢ in addition to a steadily growing body of research on the catalytic properties of
metal phosphides ® '3, Phosphorus-31 nuclear magnetic resonance (*'P NMR) spectroscopy
has been a workhorse technique used, e.g., to study phosphorus chemistry in water and soil
health '#1¢ and also transition metal catalyst structure !> '8, However, *'P NMR spectroscopy
requires relatively large sample mass and suffers from long measurement times. An alternative,
which is also element-specific and extremely local, is x-ray absorption spectroscopy (XAS).
Synchrotron XAS strongly interrogates P electronic structure and environment but suffers from
a poor fit with routine analytical application, the relatively few synchrotron beamlines operating
in the energy range of the P K-edge, and the scarcity of such beamlines equipped with research-
grade gloveboxes to support the extreme air-sensitivity of many P-rich compounds '°2!,
Synchrotron x-ray emission spectroscopy (XES) also informs P electronic structure and is
performed at synchrotron beamlines to great effect ' 1%, but shares the above limitations of
synchrotron XAS.

Recent work has, however, emphasized that some of the above issues surrounding
access can be addressed with high-throughput laboratory XES for analytical application 2>,
This includes laboratory-based study of the P Ko and Kp XES of several systems 2! 2% 31:32 with
successful determination of oxidation state distribution, ligand identity, and bonding of various

phosphorus compounds. Improved measurement times and smaller sample masses when

compared to >'P NMR spectroscopy have also been reported »°.

75



Building on these prior developments and addressing the added complexity of air-
sensitivity of P-rich systems, we report here the design and commissioning of a new laboratory-
based XES spectrometer that simultaneously measures the P Ka (core-to-core) and P K3
(valence-to-core) XES while permanently installed in a research-grade controlled-atmosphere
glovebox. This instrument uses the small footprint ‘Dispersive Rowland Refocusing’ (DRR)
geometry>® seen to have synchrotron-level performance across many studies despite the use of
only a low-powered, low-brilliance conventional x-ray tube source 2> 334 We propose that the
integration of compact laboratory based XES instruments with controlled atmosphere
gloveboxes holds high scientific and analytic potential, well beyond the present case of

phosphorus.

2. Spectrometer Design

The general layout for each of the two tandem spectrometers follows the (DRR)
geometry discussed in Holden, et al 3. As shown in Fig. 1, a finite sized sample inside the
Rowland circle is illuminated by an unfocused x-ray beam source — the Rowland circle location
is defined by the position and radius of curvature of the cylindrical analyzer optic. The optics
and other key components of the two Rowland circles are shown in Fig. 2a and Fig. 2b.
Computer aided design (CAD) renderings of the double spectrometer are shown in Fig. 2¢ and
2d. In Fig. 3, a photograph of the installed system and a CAD rendering showing the
spectrometer and sample handling wheel are presented with components labeled.

The largest component is the controlled-atmosphere glovebox (M. Braun Complete
Labstar Pro Glovebox System). This system has a hinged, removable front window to simplify

spectrometer installation and maintenance. The spectrometer enclosure is a stainless-steel
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vacuum chamber (LACO Technologies) with inner dimensions 23 cm x 30 cm x 30 cm and

6.35-mm wall thickness, component 1 in Fig. 3. This enclosure

acts as both a helium gas

enclosure and as the primary radiation safety enclosure. There are multiple small KF-style

flanges for helium gas handling and electrical feedthroughs. The sample is directly illuminated

by x-rays from an air-cooled tube source (Varex VF-80 with a Pd anode) having a maximum

electron beam power of 100W at 35kV accelerating potential (Spellman high-voltage supply,

hardware-limited to 35 kV to simplify radiation shielding). Thi

unfocused beam of combined bremsstrahlung and fluorescence

s system provides a diverging,

radiation from a Pd anode. The

x-ray tube is attached to the outside of a flange, Fig. 3 component 12 labeled ‘DRR flange’,

which holds the other DRR elements and is fastened to the spe
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Figure 1. Dispersive Rowland Refocusing (DRR) geometry with a large source off-circle.
The geometry has a bent crystal analyzer at the top of the circle, a position sensitive detector
on the lower left of the circle, and virtual sources on a lower right arc each with an associated

collection cone. The sample (‘source’ in this context) is illu

minated by an X-ray source

perpendicular to the circle. Note the spectral refocusing onto the detector arc and x-ray

camera face.
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Fluorescence from the sample can be diffracted by either of two 10-cm radius,
cylindrically bent, Si (111) Johann analyzers (XRS Tech). These analyzers are positioned in
separate DRR geometries of corresponding 10-cm diameter Rowland circles which are tilted
and rotated with respect to each other, see Fig. 2 and component 7 in Fig. 3. The analyzers are
20 mm wide (in the Rowland planes) by 8 mm tall (perpendicular to Rowland planes) and
positioned at a 79.1° (2014.6eV) and 67.6° (2137.8eV) Bragg angle for phosphorus Ka and K,
respectively. Due to energy broadening caused by the relatively low Bragg angle for
phosphorus Kf, the edges of the KJ crystal analyzer are masked with aluminum foil leaving
only the central ~4 mm exposed. The analyzers are held in a 3-D printed plastic mount that
registers to the DRR flange by dowel pins to ensure correct positioning.

The diffracted fluorescence is detected by one of two energy-resolving x-ray cameras
which have been previously reported **, components 9 and 10 in Fig. 3. The x-ray camera
detectors are mounted using 3-D printed plastic pieces registered against the DRR flange. The
detectors are commercially available CMOS-based devices (IDS Imaging Development
Systems Inc.) that have been modified by removing the image sensor glass cover to allow direct
illumination of the CMOS sensor’s active region by ~2 keV photons. The Ka detector is a Ul-
382LE camera with a Sony IMX 290 detector (1936 pixels x 1096 pixels) while the K detector
is a UI-3882LE camera with a Sony IMX 178 detector (3088 pixels x 2076 pixels). The 2.9-um
and 2.4- pm pixel sizes for the Sony IMX 290 and Sony IMX 178, respectively, correspond to
energy broadenings of ~0.01 eV for Ka and ~0.02 for Kf on our 10-cm Rowland circle. Given

the small energy spacing between pixel-defined bins compared to the relevant core-hole
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broadening and minimum instrumental broadening due to the Si (111) Darwin width, we rebin
all spectra on an 0.05 eV grid.

The sample mount assembly includes a 10-position sample wheel (component 11 in Fig.
3), attached by a small magnetic kinematic mount to a NEMA 11 bipolar stepper motor. Sample
exchange is performed by first pulling the sample mount assembly away from the source via the
linear slide rail and then detaching the sample wheel at the kinematic mount. This arrangement
allows for easier installation and removal of samples inside of the glovebox, where

manipulation is made more challenging by thick gloves.

3. Methods

3.1. Reference Sample Preparation

Nickel phosphide references were used to test the spectrometer and run the
commissioning studies. Disodium hydrogen phosphate reference was used to set the energy
scale by matching peaks to known energies >, see Fig. SI-1. Pellets were made by pressing an
approximately 1:1 mass ratio of commercial reference powders, Ni2P (98%, Millipore-Sigma)
or Ni3(PO4)2 (98%, Alfa Aesar) or Na,HPO4 (98%, Millipore-Sigma), and BN powder (98%,
Millipore-Sigma) into a 13-mm diameter die. These reference pellets were cut into
approximately 10 mm x 5 mm x 1 mm sized pieces to fit in the spectrometer without collisions.

Pellets were dried under vacuum at 80°C overnight prior to use in the glovebox.
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Figure 2. (a) Front and (b) side view illustration of the double Rowland circle geometry, with
accompanying CAD rendering also from (c) front and (d) side views. The P Ka and P K3
Rowland circles share the same source location but are translated and tilted out of plane to
allow clearance for a 79.1° (2014.6eV) and 67.6° (2137.8eV) Bragg angle respectively. The
mount of the crystal analyzers is omitted from Fig. 2d so that the analyzer orientations are
more readily apparent and the stray scatter shields for the cameras are similarly omitted in

that figure panel.
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3.2 Ni2P Nanoparticle Synthesis

All glassware was dried at 160 °C overnight prior to use. All manipulations were
performed using standard Schlenk techniques or inside a nitrogen atmosphere glovebox unless
stated otherwise. nickel (II) chloride (98%, Millipore-Sigma) was dried at 100°C under vacuum
overnight before being stored in a nitrogen glovebox for use. Oleylamine (90% Technical
Grade, Millipore-Sigma), pentane, and toluene were dried over CaH>, distilled, and stored over
4 A sieves in a nitrogen glovebox. Tris(diethylamino)phosphine (97%, Millipore-Sigma), 2-
propanol (99.5% Anhydrous, Millipore-Sigma), and acetonitrile (99.8% Anhydrous, Millipore-
Sigma) was stored in a nitrogen glovebox and used as received.

To synthesize the Ni>P nanoparticles in toluene, nickel (II) chloride (472 mg, 3.6 mmol)
was quickly transferred from a glovebox to a 3-neck round bottom flask connected to a Schlenk
line before the reaction vessel was purged and refilled with dry N> three times. Then oleylamine
(24 mL) was quickly transferred from the glovebox to the reaction flask via syringe. The
solution was heated to 120 °C using a thermal probe inserted into a thermal well in contact with
solution and degassed for approximately one hour. Afterwards, heat was turned off, and the

solution was placed under active N> flow and allowed to cool to approximately 70 °C.
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Figure 3. Photograph of the spectrometer placed in a glovebox with accompanying CAD

rendering of the spectrometer components. Components include: (1) Helium enclosure; (2)
spectrometer components (see 7-13 for more detail); (3) High voltage supply; (4) Power
source; (5) Motor controller; (6) X-ray tube (hidden behind door in photo); (7) Two Si (111)
crystal analyzers and mount; (8) Sample location; (9) P Ka x-ray camera and housing; (10) P
Kp x-ray camera and housing; (11) Sample mount containing sample wheel, magnetic mount
and stepper motor; (12) DRR flange; (13) Helium enclosure wall. For clarity of presentation,
the front window of the glovebox was removed for the photograph and the sample wheel
assembly has been pulled back from the measurement position in both the photograph and the
CAD.

Tris(diethylamino)phosphine (4.0 mL, 14 mmol) was then quickly transferred from the
glovebox and injected into the reaction flask. The solution was heated to 250 °C and held for 1
hour prior to being cooled to near room temperature. Finally, the condenser columns and rubber
septum were replaced with a glass stopper and t-adapter while flowing an overpressure of N»
before being transferred into the glovebox through 15 fast cycles of evacuation and refill in the

glovebox antechamber.
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The nanoparticle solution was purified by centrifugation at 7830 rpm for 15 min with a
1:10 volume ratio of solution to 2-propanol. This was followed three times by decanting the
supernatant, dissolving the solid pellet in minimal pentane, again adding a 10x volume ratio of
2-propanol, and centrifuging at 7830 rpm for 15 min. Finally, the supernatant was decanted,
minimal toluene was used to dissolve the solid pellet, a 1:4 volume ratio for solvent:antisolvent
was used with acetonitrile as the antisolvent, and the solution was centrifuged at 7830 rpm for
15 min. The supernatant was decanted and the remaining solid was dissolved in pentane and
dried under vacuum.

With the above synthesis completed, a concentrated solution of Ni,P nanoparticles in
toluene was drop cast on Si (100) wafers (Ted Pella). Seven replicate samples were made and
mounted onto the sample wheel. The as-prepared samples are referred to as Ni,P-Oh (meaning
zero hours of air exposure), and are subsequently renamed based on air exposure time as NioP-
1h, etc.

For the different air exposure times, nanoparticle samples were unmounted from the
sample wheel and removed from the glovebox for needed incremental air exposures to achieve
the desired cumulative air exposure. Then they were reloaded into the glovebox and remounted

in the spectrometer.
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Figure 4. X-ray camera images of the dispersed fluorescence from a NioP-Oh nanoparticle
sample: P Ka (above) and Kf (below). The dispersive direction is horizontal, lower to higher
energy moving left to right. The vertical direction shows the out of plane dimension, where
minor curvature is observed from geometric effects causing photons to be bent towards lower
energy. The pixel intensity shown is from the CMOS sensor’s analog to digital converter and
is different from photon count because of sensor gain.
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3.3 Measurement protocols

All measurements were performed at ~100W x-ray tube power, i.e., at 2.8-mA tube
current and 35-kV accelerating potential. The instrument is allowed to thermalize for at least
half an hour at the desired power before data collection — no spectral drift is observed between
chronologically early and late scans. Prior to data acquisition, the spectrometer enclosure is
flushed with helium gas for about 15 minutes until the counts for a reference sample plateau.

To minimize potential errors from finite sample size, sample homogeneity, or analyzer
irregularities, we follow the methods of Abramson, et al. % This is done by taking short two-
minute camera exposures at each position while stepping individual samples by ~0.44 mm
through the illumination region and summing the resulting spectra. This gives equal weight at
all detected energies to all positions on the face of the sample regardless of size or
concentration. Using this protocol, P Ka and K spectra were collected as x-ray camera images
for nanoparticle samples exposed to air for various amounts of time, and reference compounds.
Data was taken twice at each position on seven replicate samples for a total collection time of
~80 minutes per replicate sample during which Ka and Kf are collected simultaneously. This
was repeated for each air exposure time.

Control software for the instrument is written in Python, and the user interface is
presented in Jupyter. Users specify a sample map with each entry containing a name, sample
wheel position, and integration time. Then, calling names given in the sample map, a list of
scans is set up to run automatically with x-ray camera images saved for each scan.

The camera images for one sample are summed over the sample wheel movement to

form a single image, Fig. 4 shows summed representative x-ray camera images for the
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dispersed fluorescence from a Ni2P-Oh nanoparticle. In this image the energy dispersive
direction is horizontal, and the vertical direction shows the out of plane divergence. The
curvature of the fluorescence on the camera face is due to the cylindrical analyzer geometry and
is parameterized using a second order polynomial fit to the center-of-masses calculated for each
row after Gaussian filtering. The coefficients for this polynomial are used to assign each pixel
of the detector to an energy bin, and the intensities with each such label are summed to produce
the spectrum (processing software courtesy of easyXAFS LLC *°). The energy scale is then set
by measurement of Na,HPOj4, having Ko and K13 energies at 2014.55 eV and 2137.80 eV,
respectively, based on Petric et. al.*®.

The spectra of all seven replicate samples at each time point were summed. Ka spectra
were background subtracted by a linear background calculated using the first and last 2 eV of
the spectra, and then integral normalized. K3 spectra were background subtracted by a linear
background calculated using the first and last 5 eV of the measurement, and then normalized

using the associated Ka integral to put them on an approximate mole-weighted scale.

3.4 Analysis Techniques

Linear superposition fitting was performed in Mathematica for the Ni2P nanoparticle Ka
spectra, using the NioP-Bulk and Ni3(POs4)> reference spectra as end points. The energy of the
endpoint spectra was allowed to shift in order to accommodate the small differences in Ka
energies known to occur within one, nominal, oxidation state *°. These shifts averaged 0.013 eV

for the phosphide reference and 0.10 eV for the phosphate reference.
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3.5 Electronic Structure Calculation

3738 was used to calculate the XES

The FEFF10 real-space multiple-scattering code
using self-consistent potentials (SCP), full-multiple-scattering (FMS), and Hedin-Lundqvist
self-energy corrections. The use of FEFF10 for valence-to-core XES calculation has been
discussed previously, such as in Mortensen, et al 3°. The cluster sizes used in the calculations
were 6 A for both the SCP and FMS calculations. For the bulk calculation, the structure was
taken as the hexagonal crystal structure *° with space group p-62m. The Kp XES was then
calculated for each of the two inequivalent sites in the unit cell and stoichiometrically averaged
to obtain the total KB XES spectrum. To approximate the surface KB XES spectrum of the

nanoparticle, a 9 A cluster was cut from the bulk, and the spectra of all surface P atoms were

averaged.

4. Results and Discussion

To begin, we show in Fig. 5 a representative averaged sample fit of NioP-24h, using a
linear superposition fitting to phosphide (Ni2P-Bulk) and phosphate (Ni3(POs)2) reference
compound endpoints. In the top panel, the fit is done with no broadening of the two endpoint
reference spectra, and the residual shows clear discrepancies indicating a weakness of the
model. This isn’t unexpected, as the nanophase materials have inhomogeneity from both their
surface truncation (even if there are no surface adsorbates or other complications) and from the
presence of an amorphous layer at the surface *!. These effects are discussed further in the
following paragraphs. Because of this inhomogeneity, we include 0.2 eV broadening of the
reference spectra to allow for small differences in the Ko energies from slightly different local

environments. The resulting fit, shown in the bottom panel of Fig. 5, is much improved. Fits for
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the entire aging sequence are shown in Fig. SI-2. In general, we find a statistical error in the
fraction phosphide of 0.01 or less from the standard error determined from the seven replicate
samples at each time point, see Table SI-1 and Table SI-2 for replicate fraction phosphide,
standard deviation, and standard error. We also estimate a systematic error of the fitting of

+0.02 due to uncertainties in the use of the broadened-fit model.
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Figure 5. Linear superposition fit of the P Ka spectrum for an aged Ni2P nanophase sample
to the phosphide (Ni,P-Bulk) and phosphate (Ni3(PO4),) references. (a) Fits using the
reference spectra as directly measured. (b) Fits after the reference spectra have been
broadened by 0.2eV to compensate for a range of local environments, see the text for
discussion. A compendium of fits for all air exposure times, using both broadened and
unbroadened references, is presented in Fig. SI-2.
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Figure 6. P Ko data for the Ni2P-Oh nanoparticles exposed to air for differing lengths of time,
and two reference samples, NioP-Bulk and Ni3(POs),. Typical total measurement times for
the ensemble of seven nanophase samples (averaged to give the results shown) is 9 hours,
~80 minutes per sample. Panel (a) shows the spectra offset with vertical guides, shaded
bands, for the Ka; peaks of the phosphide and phosphate reference compounds. Panel (b)
shows the same spectra overlayed. Note the apparent isosbestic point ~2014.25 eV,
supporting the use of a simple two-phase decomposition onto reference compounds.
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Next, in Fig. 6 we show P Ka data for Ni>P nanoparticles that have been exposed to air
for differing lengths of time, the phosphide reference, NioP-Bulk, and the phosphate reference,
Ni3(PO4)2. The reference spectra show the typical Ka line shape, i.e., two peaks (Ko and Kay)
with a roughly 2:1 peak intensity ratio and a small trough in between indicating excellent
energy resolution, fully comparable to work at a synchrotron facility. This can be seen, for
example, when comparing our NaxHPOs spectra, used for energy calibration and shown in SI-1,
to synchrotron spectra from Petric et. al.*S. Additionally, the reference spectra show the
expected trend in energy shift with oxidation state.

The air-exposed, replicate-averaged Ni>P nanoparticle spectra, to varying degrees, no
longer show just two distinct Kai/Kao peaks, indicating a mixed P oxidation state. The increase
in intensity at 2014.55 eV paired with the decrease in intensity at 2013.80 eV (the two gray
energy bands in Fig. 6) indicates a shift to a larger percentage of highly oxidized P upon
increased air exposure. Fig. 6b shows the Ni>P nanoparticle spectra have an approximate
isosbestic point suggesting that the transition in P oxidation is a simple two-phase mixture.
Given this, linear combination fitting of the Ni2P nanoparticle spectra was performed to obtain
a value for the fraction of P which has not been oxidized, listed in Fig. 6a as fraction
phosphide.

In Fig. 7 we show K spectra for the Ni2P nanoparticles and references; again, this is
collected simultaneously with the Ka results shown in Fig. 6. The Kf reference spectra show all
the expected features with high energy resolution: main K 3 peak, oxygen ligand KB peak for
Ni3(POa4)2, and KB~ side peak for NioP-Bulk. These reference Kp spectra agree with previous

hosphate and phosphide results 2> 3% 42, The Ni,P nanophase K spectra, interestingly, show
phosp phosp p p
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both similarities and differences with respect to the reference compounds. This is particularly

notable when comparing the Ni2P-Bulk reference to NioP-Oh nanoparticle sample -- the Ni2P-Oh
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Figure 7. P Kf spectra for the aging sequence of Ni>P nanoparticles and the two reference
samples, NiP-Bulk and Ni3(PO4),. Note that as the air exposure time of the samples
increases, there is a subtle shift in the main Kp 3 peak and satellite KB~ peak, in addition to a
steady increase in the intensity of the oxygen ligand peak.



nanoparticle sample contains only about 4% phosphate from the P Ka fitting and, therefore, our

initial expectation was that the K spectra of the nanophase would agree well with that of the

bulk NiP.
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Figure 8. FEFF calculations for Ni2P Bulk and Ni;P Surface materials shown with data for
Ni2P-Bulk and Niz2P nanoparticles, Ni2P-Oh. The differences between the bulk and surface
theoretical spectra are in qualitative agreement with the deviations between the (macroscopic)
crystalline Ni2P-Bulk reference and the Ni2P-Oh spectra.

The main difference is the spectral line shape of the main K13 peak (~2137.80 eV),
both in terms of its greater width and the decreased prominence of the KB~ side peak (~2142.00
eV). It is important to remember, however, that the nanoparticles have a mean diameter of only

5 nm and, further, that transmission electron microscopy (TEM) typically shows a disordered
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Ni- and P- containing layer at the surface. Comparing average sizes of nanoparticles obtained
by analyzing TEM images (~5 nm in diameter) and average crystallite domain sizes obtained by
applying the Scherrer equation to peaks in the diffractogram (~4 nm in diameter) demonstrates
that the surface layer is approximately 0.5 nm. Surface amorphization is seen in other studies as
well ¥ including one which estimated the disordered surface layer thickness of NiP
nanoparticles to be between 0.55 nm and 0.75 nm depending on surface facet terminations *!.
While it is not possible to model this disordered phase without additional information about its
composition, the general effect of the nanoparticle surface, compared to bulk, on electronic
structure can be modeled. In Fig. 8 we show the predicted bulk and near-surface contributions
for an idealized crystalline Ni,P nanoparticle. The general character of the deviation between
the bulk Ni;P and the native nanophase Ni2P-0h is in reasonable agreement between data and

theory — the KB~ side peak shifts to lower energy and the main K13 peak broadens.
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Figure 9. The phosphide fraction extracted from fits to Ka and from scaling of the oxygen
ligand integral in K (see the text), as a function of the square root of air exposure time, fair
Both plots show a negative trend with increasing air exposure in rough agreement with a
diffusion-limited model of oxidation.

12

94



Hence, while we can perform a simple linear superposition analysis of the Ka spectra to
extract an estimate of P oxidation, no similar analysis is possible with the Kf spectra,
apparently due to electronic and structural differences near the surface of the nanoparticles.
That being said, the K data does show an increased presence of P-O bonds (i.e. higher
oxidation state P) with longer air exposure via the increasing strength of the oxygen ligand
peak, KB at ~2124 eV.

The increased air exposure of the Ni>P nanoparticle samples show a consistent increase
in phosphate character across both Ka and Kf spectra. In Fig. 9. We show the phosphide
fraction, derived from fitting the Ka spectra to the references (as above) and a scaled
representation of the integral of the oxygen ligand peak in the K spectra, both plotted against
the square root of air exposure time. Although the intensity of the ligand integral should be
roughly proportional to the occurrence of P-O bonding, the absence of a valid fully-oxidized
reference compound because of nanoscale effects discussed above, along with the effects of
extreme sensitivity to oxygen ligand 2s energy and bond length *’, makes it impossible to
assign a phosphide fraction metric to the ligand peak integral intensity on its own basis. Hence,
the ligand integral results are scaled by the Ka-derived phosphide fractions at the 0 h and 336 h
extrema -- the resulting general agreement is clear. The roughly linear trend as a function of the
square root of air exposure time hints at a diffusion-limited model of P oxidation in the Ni;P

nanoparticles.

5. Conclusions

We report the design and performance of a new x-ray emission spectrometer that

simultaneously measures P Ko and K XES while being housed in a research grade, controlled
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atmosphere glovebox. A commissioning study of the gradual oxidation of Ni>P nanoparticles
due to air exposure showed excellent energy resolution and short acquisition times for both P
Ko and KB XES. This system is housed in a shared user facility and provided with a user-
friendly scripting interface. We anticipate that this system will see a wide range of future
applications on air-sensitive P-rich materials while also serving as a proof-of-principle for

future laboratory XES systems in research-grade gloveboxes.
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Replicate 5 Replicate 6 Replicate 7 Standard Standard
Phosphide Phosphide Phosphide Deviation Error
Fraction Fraction Fraction

0.93 0.94 0.94 0.010 0.0038
0.88 0.89 0.89 0.011 0.0043
0.83 0.82 0.82 0.0073 0.0028
0.78 0.77 0.77 0.0049 0.0019
0.76 0.74 0.74 0.0083 0.0031
0.72 0.71 0.70 0.0073 0.0028
0.69 0.68 0.67 0.0073 0.0028
0.69 0.66 0.65 0.012 0.0047
0.54 0.52 0.50 0.016 0.0060
0.44 0.41 0.38 0.024 0.0090
0.32 0.28 0.26 0.026 0.0097
0.23 0.20 0.19 0.018 0.0069

Table SI-1 Ni2P nanophase sample replicate phosphide fraction determined from fitting to

reference spectra (Ni2P-Bulk and Ni3(PO4)2), standard deviation and standard error. See Fig.

SI-2 for plots of fits.

Replicate 5 Replicate 6 Replicate 7 Standard Standard
Phosphide Phosphide Phosphide Deviation Error
Fraction Fraction Fraction

0.97 0.97 0.96 0.0081 0.0030
0.91 0.91 0.91 0.0088 0.0033
0.85 0.85 0.85 0.0053 0.0020
0.81 0.80 0.79 0.0064 0.0024
0.77 0.76 0.76 0.0070 0.0026
0.74 0.72 0.72 0.0076 0.0029
0.71 0.69 0.68 0.0090 0.0034
0.70 0.67 0.66 0.014 0.0052
0.54 0.52 0.49 0.018 0.0069
0.43 0.40 0.36 0.027 0.010
0.30 0.26 0.24 0.026 0.0097
0.20 0.17 0.16 0.018 0.0069

Table SI-2 NizP nanophase sample replicate phosphide fraction determined from fitting to
0.2 eV broadened reference spectra (NioP-Bulk and Ni3(POs)»), standard deviation and
standard error. See Fig. SI-2 for plots of fits.
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Figure SI-1: P Ka and Kp reference spectra, NioP-Bulk and Ni3(PO4)2, with Na,HPO4
reference spectra. The Na,HPO4 spectra was used to set the energy scale, see text for details.
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Figure SI-2 (below and following pages): A compendium of P Ka XES results with fits, references,
and residuals for all Ni.P nanophase samples after summing replicate spectra. In each case the left
column is the fit with the original, unbroadened references, while the right column uses the slightly
broadened reference spectra discussed in the text.
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Chapter 7 - Asymmetric Rowland Circle Geometries for
Spherically Bent Crystal Analyzers in Laboratory and

Synchrotron Applications

Originally published as: A. Gironda, J. Abramson, Y. Chen, M. Solovyev, G. Sterbinsky, G. T.
Seidler. Journal of Analystical Atomic Spectrometry 2024 Vol. 39 Page 1375-1387. J.

Abramson was a key contributor to the development, experimentation and writing of this work.

Spherically bent crystal analyzers (SBCAs) are the dominant high-resolution hard x-ray optic
in the ongoing rebirth of laboratory-based x-ray absorption fine structure (XAFS) and x-ray
emission spectroscopy (XES) as well as in synchrotron methods such as high energy resolution
fluorescence detection (HERFD) and non-resonant x-ray Raman scattering (XRS). In the
overwhelming majority of cases, SBCAs are implemented in a ‘symmetric’ configuration on the
Rowland circle, wherein the diffracting crystal plane is nominally coincident with the analyzer
surface. We report here comprehensive investigations of ‘asymmetric’ operation of SBCA on
the Rowland circle, wherein the diffracting crystal plane is not coincident with the optical
surface of the analyzer. First, we have developed a laboratory spectrometer for XAFS and XES
that is specialized for asymmetric SBCA operation. We find several benefits, including the
capacity to use a single SBCA over a very wide energy range via ‘hkl hopping’ and the frequent
ability to eliminate Johann error, the most prevalent energy-broadening mechanism when using

SBCA symmetrically on the Rowland circle. Second, we expand these ideas to synchrotron
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facilities with a demonstration study of HERFD and XRS where asymmetric operation also
provided advantage. Our results suggest that large-array systems for HERFD augmented with
an additional mechanical degree of freedom could streamline user operation and also indicate
benefits to XRS in the asymmetric configuration, where larger solid angle, larger sample-to-

detector distance, and decreased Johann error can be achieved simultaneously.
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1. Introduction

Spherically bent crystal analyzers (SBCAs), specifically those with Johann-type
profiles', are hard x-ray optics that provide a useful combination of large collection solid angle
and fine energy resolution. This has resulted in their extensive use in the ongoing rebirth of
laboratory-based x-ray absorption fine structure (XAFS) and x-ray emission spectroscopy
(XES)*!% in addition to their historical and continued use as workhorse optics for high-
resolution photon-in photon-out x-ray spectroscopy at synchrotron facilities.!'"!® With

19-22" such applications have been in a ‘symmetric’ Rowland

infrequent but valuable exceptions
circle configuration wherein the diffracting plane is nominally coincident with the surface of

the SBCA diffracting wafer.
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Here, we propose that asymmetric operation of SBCA on the Rowland circle is an

underutilized opportunity. The basic parameters for asymmetric Rowland circle operation are

detector

Source

Figure 1: Diagram of spectrometer components during asymmetric operation in the
reference frame of the SBCA. a denotes the angle between the diffracting plane for the
reflection G and the plane at the optic’s surface (nominally normal to the reciprocal
lattice vector Go). Note the chord lengths d and p differ when a # 0.

defined in Fig. 1. In the Figure, note the asymmetry angle o, the need for a “‘mechanical’
analyzer angle 0y, and the inequality of the chord lengths p and d when a # 0. The usual
theorem for equality of inscribed angles still holds when a # 0 so that the optic still functions

as a monochromator in the Rowland plane, barring Johann error which will be discussed in
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detail later. Out-of-plane astigmatism at large o can become considerable, but we find that is
not a significant limitation on energy resolution. It is not difficult to derive the dependence of

the parameters in Fig. 1 on the Bragg angle, 0y, and a, specifically

p = Dsin(6g + a)

d = D sin(6g — ) Egs. (1)
29 = ZGB
GM = GB + a

where D is the diameter of the Rowland circle or equivalently the radius of curvature of the
Johann SBCA.

With this background established, we address the potential advantages of asymmetric
operation as a central principle in spectrometer design. We denote by Go the reciprocal lattice
vector normal to the wafer surface and assume the wafer miscut is small. Choosing Go 1s
equivalent to choosing which wafer material and orientation to use in the optic, and it
determines the useful energy range in symmetric operation -- Bragg angles below 60 deg
generally suffer degraded energy resolution due to Johann error and source-size broadening.
While analyzer harmonics sometimes enable high-resolution access to a few distinct energy
ranges>’, both laboratory instruments and synchrotron facilities typically fabricate or acquire a
suite of SBCAs having a variety of G vectors.

Asymmetric operation modifies these considerations. Any single crystal has a multitude

of additional crystal planes at various angles to the surface. Each allowed reflection capable of
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diffraction in an asymmetric configuration gives an additional useful energy range dependent
on its own d-spacing. Hence, as a first advantage, we show below that asymmetric operation of
a single SBCA can permit high-resolution performance for photon energies from 5 keV through
10 keV and beyond with no gaps in the energy range. The good performance of many different
reflections of various Miller indices (4k/) from a single analyzer is a major result of the present
study, and we find it appropriate to introduce the term 4kl hopping’ when a monochromator
jumps between different Miller indices of a single SBCA to adjust energy range or to improve
energy resolution, which we now address.

The second advantage of asymmetric operation is the minimization or even elimination
of Johann error for SBCAs; prior work by Suortti and others for curved analyzers on the
Rowland circle as well as asymmetric applications in other fields and other classes of optics
motivates and supports this inquiry?!**>*3_ Briefly, Johann analyzers possess a radius of
curvature for the diffracting wafer that is equal to the diameter of the desired Rowland circle.
This yields the necessary suface orientations but results in small displacements between the
wafer surface and the Rowland circle at the analyzer edges with corresponding errors in the

Bragg angle upon moving away from the analyzer center. There is consequently a characteristic
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low energy tail in the analyzer’s energy response function>®.
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Figure 2: An infinitesimal single crystal element (right) of a spherically bent crystal analyzer
(left), demonstrating a geometric argument for the elimination of Johann error in asymmetric
Rowland geometries when the source is close to the sphere-center of the SBCA curved wafer.

The underlying principle for suppression of Johann error via asymmetric operation is
illustrated in Fig. 2. As shown, consider the special case where all incident x-rays have an
incoming path exactly normal to each infinitesimal crystallite that makes up the SBCA surface,
i.e., the special case where a point source is located at the sphere center of the curved analyzer
wafer surface. The key observation is that for every point on the analyzer surface, the angle
between an arbitarily chosen reciprocal lattice vector G and the incident x-ray is the same
everywhere on the surface. Hence, in this special case the Bragg angle is the same at every
point on the surface and Johann error from the lack of coincidence between the edges of the

analyzer and the Rowland circle is eliminated. More generally, asymmetric operation allows
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operation with the source closer to the sphere center than is often possible symmtrically, and
hence with dereased Johann error. We illustrate this later with XANES and XES measurements.
Finally, a third benefit comes from those special geometries that are expected to fully
eliminate Johann error, as described by Fig. 2. Non-resonant x-ray Raman scattering (XRS),
i.e., the non-resonant inelastic x-ray scattering from semi-core levels, gives a hard x-ray analog
to electron energy loss spectroscopy and allows x-ray spectroscopy on low-energy shells while
using high-energy photons. This capability has seen sufficient demand that several dedicated
facilities have been constructed at synchrotron facilities*’*!. However, the extremely small
cross-section for inelastic scattering from the semi-core levels makes all XRS spectrometers
subject to severe competition between the collection solid angle and the energy resolution. The
best practice to date has been to use banks of 1-m SBCA as close as possible to a backscatter
geometry in symmetric Rowland operation, together with considerable diligence to reject
background scatter'>!*!7-18_ That being said, achieving highest energy resolution still requires
analyzer masking to reduce Johann error; in some cases, small off-circle broadening is accepted
as a compromise that aids with clearance between detector and the beam spot on the sample'.
The more recently available 0.5-m SBCA having four times the solid angle of the older 1-m
SBCA have not been used for XRS because their larger angular size results in far larger Johann
error in symmetric operation. On the other hand, the Johann-rejection strategy of Fig. 2
provides a possible path toward simultaneously attaining large solid angle, fine energy
resolution, and large clearance between sample and detector. XRS measurements are performed

in so-called inverse-scanning mode where a single energy is chosen for the outgoing (analyzed)
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photon while the incident monochromator is scanned to create the necessary range of energy
losses: the spectrometer must have low Johann error at only a single energy.

In this paper we address all three of these proposed benefits. We describe a new
laboratory-based XAFS and XES hard x-ray spectrometer specifically designed to enable easy
exploration of asymmetric Rowland geometries. With this instrument we demonstrate skl
hopping over a broad energy range and also demonstrate the minimization of Johann error
through choice of the favorable special geometry with the source near the spherical center of
the analyzer. These benefits also appear in our preliminary synchrotron studies, where we use
asymmetric reflections to access the otherwise inconvenient Zn Kou; for high-energy resolution
fluorescence detection (HERFD) x-ray absorption spectroscopy and also use an optimal
asymmetric configuration for XRS via an 0.5-m radius SBCA. This ensemble of results across
laboratory and synchrotron venues supports the hypothesis that asymmetric operation of SBCA
has been underutilized and suggests directions for further inquiry.

2. Laboratory Spectrometer Design and Operation

We now present the six main spectrometer systems in order: the x-ray enclosure, x-ray
sources, the detector and its subassembly, the optic, the motorization of the primary Rowland
circle degrees of freedom, the additional motorized degree of freedom used to rotate many
different desired reflections into the Rowland plane, and the overall control software.

The spectrometer is housed in a steel enclosure, approximately 1.8-m wide by 1.5-m
deep by 1.3-m tall. The slightly oversized enclosure provides ample space for special sample
environments in the future such as a cryostat or additional equipment such as a potentiostat for

operando electrochemical measurements. The computer-aided design (CAD) rendering in Fig.
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3 shows the design of the spectrometer and its key components in Rowland circle geometries
configured for XAFS and XES measurements in Fig. 3 (a) and (b), respectively. In XAFS mode
(Fig. 3 (a)), a 100 W X-ray source (Varex VF-80 Pd-anode tube) with variable width entrance
slits to adjust apparent source size is placed on-circle via manual slide. In XES mode (Fig. 3
(b)), a 3 kW X-ray source (Varex OEG-76H W-anode tube) with a preliminary 1 mm fixed-
width entrance slit on the sample enclosure is placed on-circle via manual slide. A kinematic
feature at the fixed source location ensures precise placement of radiation entrance slits on
circle. A 100 W x-ray tube with a tungsten anode, but otherwise identical to the XAFS-mode
source, was used for commissioning in XES measurements (not shown in the figure).

The detector is a silicon drift detector (SDD) with 150 mm? area sensing element
(KETEK AXAS M-1) mounted on a motorized linear stage (Velmex XSlide) to adjust the
detector-analyzer chord length. The optics are 0.5-m radius of curvature SBCAs (XRS Tech).
The chord lengths and angular positioning of the detector and optic are motorized. The optic
and detector subassemblies are concentrically mounted on the 0 and 26 rotation stages,
respectively, of a repurposed goniometer from a commercial X-ray diffraction instrument
(Bruker D8 Advance). The 6 and 26 stages of the goniometer are independent, allowing for the
a offsets required in asymmetric operation. The entire goniometer-detector-optic subassembly
is mounted on a motorized linear stage (Velmex tandem BiSlide) to adjust source-analyzer

chord length, p.

115



Figure 3: Top-view CAD renderings of the spectrometer configured for (a) XAFS and (b)
XES measurements. The key components are outlined with boxes and labelled as follows:
(A) detector, (B) 100 W XAFS source, (C) Adjustable-width XAFS entrance slit, (D) crystal

analyzer and optic tower, (E) XES sample enclosure and entrance slit, and (F) 3 kW XES
source.
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For automated asymmetric operation, an additional motorized degree of freedom we
refer to as the ‘clock angle’ or ¢ is required in the optic subassembly. This additional degree of
freedom also enables motorized tilt-free correction of crystal miscut.*> CAD renderings of the
optic cartridge, the full optic tower assembly, and the ¢ rotation stage and direction are shown
in the three panels of Fig. 4. The cartridge mounts concentrically on a small, motorized rotation
stage (Velmex B5990TS). The fine adjustment x-y stage at the base of the optic tower aligned

the optic on the rotation axis of the goniometer during spectrometer commissioning.

(a) £/~

Figure 4: (a) An optic cartridge is loaded into the optic tower subassembly. (b) The fully
assembled motorized optic tower which concentrically indexes the crystal on a motorized rotation
stage. (¢) The motorized azimuthal (¢) degree of freedom allows for tilt-free correction of crystal
miscut and for automated asymmetric operation.

Recalling from the introduction the requirements for asymmetric Rowland configurations, the
spectrometer achieves these geometries by using independent rotation and linear stages.

Representative symmetric and asymmetric configurations are shown in CAD renderings in Fig.
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5. Specifically, Fig. 5(a) shows a typical symmetric operation at an unfavorable 03 far from
backscatter, whereas Fig. 5(b) shows an asymmetric configuration at the same 6g but satisfying
the condition of 6 + o = 90 deg, the configuration that is expected to eliminate Johann error,
recall Fig. 2. It is important to note Fig. 5(a) and (b) could be at radically different energies
because of the different d-spacings for Go and Gux . The purpose of the Figure is to demonstrate
the difference in geometries in these different diffracting conditions. Note that the chord lengths
between source-and-analyzer and analyzer-and-detector become unequal when a # 0.

The spectrometer control software consists of two main components. First, a library of
routines was written in Python (Jupyter) to generate ASCII files with component-by-component
instructions for each step in any desired spectrometer scan. Second, LabView software was
written to interpret the scan definition files and execute the desired measurements by
commanding the motors and reading the detector. The LabView software can define
measurement projects that perform sequences of measurements each parametrized by a
different scan definition file including for successive scans using different Gu. For both XAFS
and XES, the energy is scanned by stepping the crystal angle 8),and satisfying the Rowland

circle geometry at a particular Bragg angle by driving the p, detector, and 26 stages.
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Symmetric
o =0 deg
0 =65 deg
0y = 65 deg

Asymmetric

o =25 deg
0 =65 deg
Ov = 90 deg

Figure 5: (a) Symmetric spectrometer operation at O = 65 deg in XAFS mode. (b)
Asymmetric spectrometer operation at the same 0 with a = 25 deg, placing the source
diametrically from the optic resulting in a monochromatic diffracted beam with no Johann
broadening.
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3. Methods

Ray tracing simulations are generated using the xrt Python package*. The ray tracing
calculations use a 250-um by 250-um area source and a 100-mm diameter, 0.5-m SBCA in
both symmetric and asymmetric Rowland circle configurations, thus approximating the
experimental conditions. Calculations for the location of asymmetric reflections and their
resulting energy ranges were performed in home-written software in Python (Jupyter).

XES and XAFS measurements were taken with the laboratory-based instrument
described in Section II using only a 100 W source in both configurations. Studies were selected
to demonstrate instrument capabilities to characterize the advantages of asymmetric operation.
For XAFS, standard metal reference foils of Cu and Ni (EXAFS Materials) were used. To
demonstrate the extended energy range afforded by asymmetric operation, a multi-component
transition metal oxide sample was prepared for XES. Equal masses of V203, MnO, FeO, NiO,
CuO, ZnO, and SrTiO; were dry milled together to homogeneously mix the sample. The multi-
component powder was enclosed in a polyimide pouch for XES study.

XRS and HERFD-XANES measurements were performed at sector 25-ID of the
Advanced Photon Source. This used a Si(111) double crystal monochromator and a set of
Kirkpatrick-Baez mirrors to achieve an approximately 100 um by 100 pum spot size on the
sample. The monochromator was not detuned, and the resulting expected energy resolution is
1.2-1.3 eV at 8700 eV. An Eiger S 500K camera (Dectris Corp.) was used to measure the x-
rays analyzed by the SBCA (XRS Tech) and an SDD (Hitachi, Vortex) was used to measure
total fluorescence yield in the HERFD study. The HERFD sample was a ZnO film with

embedded Ge nanocrystals, prepared by sequential sputtering of ZnO and Ge targets under
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reactive ZnO growth conditions*. The XRS sample was an 0.9-mm diameter cylinder of
randomly oriented graphite in a low-Z binder (mechanical pencil lead). For both studies the
incident flux was ~3x10'2 ph/sec.
4. Results and Discussion
4.1 The Asymmetric Rowland Geometry in the Laboratory

We begin by illustrating a central motivation of asymmetric operation, i.e., the large
number of crystal planes that are available and the consequently wide energy range that can be
accessed with fine energy resolution for a single SBCA. See Fig. 6. In panel (a) we show the
calculated locations for a large number of asymmetric reflections for a Si(551) analyzer in
terms of the asymmetry angle a (radial direction in the polar plot) and the clock angle ¢
(azimuthal direction in the polar plot). Note that the Go=(551) reflection itself is at the center of
the polar plot. In panel (b) we show an experimental survey of the (o, ¢) space at Og= 82 deg
and find excellent agreement with the calculations of panel (a). In addition, as shown by the
color scale indicating the dominant energy detected at a given location, we observe that a very
large energy range can likely be patched together by ikl-hopping between different asymmetric
configurations. This type of study is readily performed in the laboratory because of the very
broad bremsstrahlung spectrum of x-ray tubes. Panels (c) and (d) show analogous calculations
and experimental results for a Si(221) analyzer. Miller indices in panels (b) and (d) were
identified by consistency between the theoretical (a, ¢) polar plot with all allowed reflections
and the results of converting the observed energy of an experimental reflection to the sum of

squared indices by Bragg’s law.
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Figure 6: Polar plots in (o, ¢) for calculated and measured reflections. (a) Calculated values
of selected asymmetric reflections of a Si(551) analyzer. (b) Experimental data for Si(551)
SBCA obtained by sampling phi-alpha space values at a fixed Bragg angle. (c¢) Calculated
values of asymmetric Si(211) reflections. (d) Experimental data for Si(211) SBCAs. A
threshold on reflection intensity was implemented to remove background in experimental
data.
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Figure 7: (Left) Diagram of the energy range achievable operating symmetrically with the Si
SBCAs commonly used for transition metal XAS and XES: Go = (100), (110), (111), (211),
(331), (533), (551). The vertical gray lines indicate emission lines and the vertical black dashed
lines indicate K-edges between 4 and 10 keV. (Right) Diagram of the energy range achievable
operating asymmetrically with a Si(551) SBCA. Duplicate reflections, those that cover the
exact same energy range at the same Bragg angle are omitted for clarity.

In both Fig. 6 (b) and (d) an azimuthal smearing is seen in the experimental results at
large values of a near the borders of the pole plots. When at large asymmetries the chord length
d from the SBCA to the detector becomes much smaller than the vertical radius of curvature of
the analyzer, resulting in a significant vertical (perpendicular to the Rowland plane) extension
and enlargement of the sagittal defocusing of the analyzed x-rays. The loss of intensity that
occurs when the analyzed beam height is larger than the active diameter of the spectrometer’s

SDD is a confounding factor that leads to a trade-off between analyzed flux and the

experimental convenience of asymmetric operation.
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In Fig. 7 we compare the energy ranges of a conventional suite of SBCA operating
symmetrically and the accessible diffraction planes of a single SBCA operated asymmetrically.
This is investigated for the energy range of absorption edges and emission lines of the 3d
transition metals. A comprehensive energy range is possible with a single analyzer operating
asymmetrically and a suitable reflection is nearly always available that is close to the special
condition (with the source moderately close to the analyzer spherical center) for a given
emission or absorption edge. Hence, both a large energy range and high energy resolution
should be expected with the Si(551) analyzer studied in the right panel of Fig. 7. We emphasize
that there are complicated trade-offs between energy range coverage and analyzed flux (due to
the vertical extent of the analyzed beam, described above), and we do not claim that Si(551) is
necessarily optimal, although it does illustrate a favorable case for the argument being made
here.

We next access a series of planes of the Si(551) SBCA on the amalgam XES, see Fig. 8.
We measure Ko, Kf3, and valence-to-core (VTC) emission en masse with a single analyzer,
demonstrating an expanded energy range through %4/ hopping. The optimal reflections for the
study are given in the left-hand side of Table 1; the experimental reflections used modestly
differ in some cases. Fifteen emission lines spanning ~5 keV to ~14 keV were collected across
seven elemental species using nine unique diffraction planes from the Si(551) analyzer. By
comparison, under symmetric operation at useful Bragg angles the Si(551) crystal has an energy
range of only ~8.2 — 9.3 keV and the same emission measurements would require a
considerable number of separate Si optics, even if somewhat inferior Bragg angles were

employed.
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Table 1. Optimal asymmetric reflections for Go = Si(551) and best symmetric counterparts for
3d transition metal XES, where both Si and Ge analyzers are considered for the symmetric case.

For each emission line, the configuration expected to have the least Johann error is given in

bold.
Best Si Best Ge
Energy Op o Om OB Op

Emission G Symmetric Symmetric
(eV) (deg.) (deg.) (deg.) (deg.) (deg.)

Analyzer Analyzer
V KB 5428 (331) 66.47 2131 87.78 (331) 66.47 (422) 81.49
Mn Ko 5900 (422) 71.44 23.84 95.28 (422) 71.44 (511) or (333) 74.81
MnKp 6492 (333) 66.04 2721 93.25 (440) 84.06 (531) 86.94
FeKa 6405 (333) 67.85 27.21 95.06 | (511)or(333) 67.85 (440) 75.42
FeKp 7059 (531) 73.11 13.97 87.08 (531) 73.11 (620) 79.04
NiKa 7480 (620) 74.87 27.67 102.54 (620) 74.87 (533) 73.87
NiKB 8267 (551) 80.49 161 96.59 | (551)or(711) 80.49 (642) 82.7
CuKa 8046 (444) 79.45 2721 106.66 (444) 79.45 (551) or (711) 76.55
CuKp 8904 (731) 80.03 21.61 101.64| (731)or(553) 80.03 (800) 79.91
ZnKoa 8637 (642) 81.57 13.34 9491 (642) 81.57 (553) or (731) 77.04
ZnKB 9570 (733) 77.56 2495 102.51 (733) 77.56 (555) or (751) 82.57
SrKa 14,161 (884) 7535 11.42 86.77 | (777)or(1151)  77.77 (991) 81.09
SrKB 15,825 (1262) 78.13 18.25 96.38 | (1333)0r(995) 80.53 |(1353)or(1191) 80.6
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VKB V,04 Mn Ka MnO Fe Ka FeO
G =Si(551) 05=66.5° | | Gy=Si(551) 0g=71.4°| | G,=Si(551) 0 =67.8°
Gy =Si(331) 0y=71.7° | | G, =Si(422) 0,=953°| | Gy, =Si(333) 0y, =95.1°
5400 5420 5440 5460 5860 5880 5900 5920 5940 6360 6380 6400 6420 6440
Energy (eV) Energy (eV) Energy (eV)
Mn Kp MnO Fe KB FeO Fe V-t-C FeO
Gy =Si(551) 05 =66.0° Gy =Si(551) 05=73.1° Gy =Si(551) 05=71.8°
Gy =Si(333) 0y=93.3°| | G,,=Si(531) 0y, =87.1° = Si(531 0y, =85.7°
6460 6480 6500 6520 7040 7060 7080 7080 7100 7120 7140
Energy (eV) Energy (eV) Energy (eV)
Ni Ka NiO CuKa CuO Ni Kp NiO
Gy=Si(551) 0,=52.5°| | G,=Si(551) 0=79.3°| | G,=Si(551) Bp=73.1°
Gy =Si(333) 0, =79.7° | | Gyy=Si(444) 0y =106.5° | | Gy, =Si(444) f,,=100.3°
7420 7440 7460 7480 7500 8000 8020 8040 8060 8080 8240 8260 8280 8300
Energy (eV) Energy (eV) Energy (eV)
Ni V-t-C NiO Zn Ka ZnO Cu Kp CuO
G, =Si(551) 0,=78.3°| | G,=Si(551) 0,=70.7° | | G,=Si(551) 0y =79.9°
Gy =Si(551) 0, =944° | | Gy, =S5i(551) 0,,=86.8° | | Gy, =Si(731) 0, =101.5°
8300 8320 8340 83608580 8600 8620 8640 8660 8880 8900 8920 8940
Energy (eV) Energy (eV) Energy (eV)
Zn KB ZnO Zn V-t-C ZnO Sr Ka SrTiO,
G, =Si(551) B =77.4°| | G,=Si(551) B=75.4°| | G,=Si(551) By =75.2°
Gy =Si(733) 0,,=102.4° | | G,,=Si(733) 0, =100.4° | | G, =Si(884) 0,,=86.7°
9540 9560 9580 9600 9620 9640 9660 9680 14100 14150 14200
Energy (eV) Energy (eV) Energy (eV)

Figure 8: Emission lines measured asymmetrically with a Si(551) analyzer, arranged in order
of ascending energy, presented with no background subtraction. The Bragg angle required to
select the nominal energy of the emission line is given for each scan.

126



Having established the comprehensive advantage of a greatly increased energy range,
we now address the proposed second benefit of asymmetric operation: an enhanced energy
resolution compared to symmetric cases through elimination of Johann error when 65 + a =

Op~ 90 deg. Ray tracing simulations in Fig. 9 show the reduction of Johann error when
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Figure 10: Symmetric and asymmetric energy response functions corresponding to Fig.9 (a)
and (b), demonstrating the reduction of Johann error.
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Figure 11: K13 emission spectra of (a) Cu and (b) Zn. Spectra were collected using the
Si(551) SBCA symmetrically and with the most optimal asymmetric plane. Further from
backscatter, the symmetric reflection analyzer response function broadens due to Johann
error. On the other hand, the asymmetric reflection response function is narrow because of a
mechanical analyzer angle, Om, close to 90 deg.
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approaching this special condition. Fig. 9 (a) shows an equatorial full-range broadening of ~9

eV at the analyzer edge of an SBCA at 8 = 65 deg. Fig. 9 (b), at the same photon energy,

G,y =Si(551)

" Synchrotron

L Cu metal reference foil

wW(E) (arb. units)

- Masked :

" Unmasked Gy =(553)
Masked — G, =(551)

" Unmasked Gy =(551)
8960 8980 9000 9020

Energy (eV)

Figure 12: Cu K XANES measured using a Si(551) analyzer symmetrically and Gnu = (553)
reflection asymmetrically, compared to synchrotron results. At 8978.9 eV, 0g = Om = 65.2 deg
symmetrically whereas Og = 77.5 and Om = 92.5 deg. The asymmetric configuration eliminates

Johann error by operating mechanically at near backscatter. Masking the edges of the

analyzer removes Johann broadening in the symmetric case, whereas masking in the
asymmetric case shows no appreciable difference in energy resolution. Spectra are offset for

clarity of presentation.

shows less than 10% as much broadening (with an opposite sign) for g = 77.5 deg and a =

14.9 deg.

The ray tracing results show the availability of an asymmetric plane at the same energy

as its conventional symmetric counterpart but with improved energy resolution via reduction of
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Johann broadening. This is further illustrated in Fig. 10, which shows the energy response
functions corresponding to cases (a) and (b) of Fig. 9. The general consideration that Johann
error is smallest when the source is near to the SBCA sphere center is also investigated in Table
1, where the most favorable cases with respect to this condition are shown in bold for each
emission line. The asymmetric option from even the single favorable case of a Si(551) analyzer
are always quite close to the best choices among Si or Ge analyzers used symmetrically and is
generally better by this metric.

To show this Johann error reduction in practice, Cu and Zn K XES on the amalgam
sample were measured using both (somewhat unfavorable) symmetric and (rather favorable)
asymmetric configurations. Fig. 11(a) and (b) shows significant difference in the width and
symmetry of the characteristic emission. The symmetric spectrum is broadened with a tail
primarily because of Johann error, as well as some contribution from source size broadening.
Asymmetric reflections with Oy near backscatter have improved energy resolution through
elimination of Johann error. The effect is more evident in Fig. 11(b) as the symmetric Zn
measurement is far from backscatter at g = 58 deg, so broadening is more pronounced. The

standard deviation of the energy response function calculated via ray tracing in the asymmetric
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Figure 13: Ni K XAFS measured using a Si(551) analyzer symmetrically and with the Gy =
(551) reflection asymmetrically, compared to synchrotron results. Both spectra show
agreement with synchrotron data. Spectra are offset for clarity of presentation.
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case of the Zn measurement was 0.6 eV, compared to 4.6 eV in the symmetric case. The
broadening in the asymmetric case is largely from source size effects.

To further investigate energy resolution effects, we performed transmission mode
XANES and EXAFS studies on metal reference foils in symmetric and asymmetric SBCA
configurations. Fig. 12 shows Cu XANES, selected for the well-known shoulder feature in its
rising edge, measured symmetrically and asymmetrically with and without analyzer masking
and compared to synchrotron data. Johann error both broadens and shifts the spectra, as shown
in the unmasked symmetric case having 0 = Om = 65.2 deg at the absorption edge, and analyzer
masking improves the energy resolution of the symmetric data. However, the asymmetric
spectra are unaffected by analyzer masking as Johann error is eliminated in the optical
configuration with g = 77.5 and Om = 92.5 deg, and the asymmetric spectra shows superb
energy resolution with no loss of information compared to the synchrotron reference data.

Next, the N1 K-edge EXAFS was measured symmetrically and asymmetrically using the
Si(551) analyzer and reflections Go = (551) and G = (551) and compared to synchrotron data.
The raw EXAFS and y(k) are shown in Fig. 13 (a) and (b). There is again no loss in information
between synchrotron and laboratory XAFS. The symmetric and asymmetric results are identical
here because the Johann broadening in the symmetric case has little effect for spectrally broad

features over the large energy range studied.
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4.2 Synchrotron Measurements

Having demonstrated some benefits of asymmetric Rowland geometry in laboratory x-
ray spectroscopy, we extend the discussion to synchrotron x-ray measurements. Fig. 14 shows
the asymmetric Rowland geometry of the monochromator for a HERFD-XANES measurement,
tuned to the Zn Ko emission energy for a study of a ZnO thin film. Note that while Si(642) is

the preferred symmetric analyzer, it is an uncommon SBCA and in our case did not exist at any
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Figure 14: The asymmetric configuration implemented for HERFD-XANES measurements.
Note the longer source-detector chord length (blue arrows), allowing greater flexibility in
special sample environments and less size constraints than a symmetric counterpart.

of the several beamlines performing XES or HERFD at our synchrotron, whereas the Si(211) is
relatively common for its (422) reflection to study XES for vanadium. Fig. 15 shows the
HERFD-XANES collected using the asymmetric Gnu = (642) reflection of a Si(211) SBCA

compared to total fluorescence yield (TFY) results, and shows significant suppression of the Zn
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K-shell lifetime broadening This result supports the use of asymmetric configurations for
HERFD and XES at synchrotron light sources. The addition of ‘clock angle’ degrees of
freedom to the common designs for multi-SBCA arrays for HERFD***¢ would therefore allow
hkl-hopping with increased user convenience, i.e., when a single analyzer is favorable for all
user-desired emission lines in a given study, jumping between the different energy ranges

would not require changing the SBCA and retuning.

1.0+ HERFD ZnQO thin film
05, =81.4 deg
a TFY B
= 0.8F O =92.3 deg
=
=
S 0.6}
=
p—
204}
7
-
{g 02f
[N
0.0

9650 9660 9670 9630 9690
Energy (eV)

Figure 15: Zn HERFD-XANES measured with G = (642) of a Si(211) SBCA.
We now move to our last study, a demonstration of XRS with an SBCA in an
asymmetric configuration. Here we again used the Si(211) analyzer asymmetrically accessing

the G = (642) reflection, approximately satisfying the condition 6g + a = 0y = 90 deg at

8702.9 eV. The elastic line, measured by scanning the Si(111) double crystal monochromator,
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is shown in Fig. 16. The shape and (near) symmetry of the elastic peak illustrates a favorable
energy response function for the experimental realization. The FWHM is 1.25 eV, which is
comparable to the expected resolution of the Si(111) double crystal monochromator without
second-crystal detuning, i.e., the analyzer is adding little broadening in this configuration. In
addition, the source/sample-detector chord length of ~150 mm is quite large compared to that
for synchrotron XRS spectrometers. This is beneficial due to the easier rejection of stray scatter

and the larger

0.9 mm graphite
Gy=Si(211)
thl:SI(642)

05 =79.1 deg
Oy =90.0 deg

- FWHM = 1.25 eV

L E,=8702.9 eV

Intensity (arb. units)

8701 8702 8703 8704 8705
Energy (eV)

Figure 16: Elastic lines measured using a Si(211) analyzer asymmetrically G = (642),
demonstrating Johann error elimination and narrowing of the analyzer response function
when operated asymmetrically.
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Figure 17: XRS of graphite showing elastic, inelastic, and XRS features of C K-edge.
Measured with Si(211) using Guxu = (642). The analyzer was mechanically at backscatter with
a Bragg angle of 79.1 deg. The elastic peak FWHM 1is approximately 1.3 eV.

clearance for special sample environments. This configuration is best used with a focused beam
to avoid source broadening, given the ~81 deg Bragg angle. We note that asymmetric operation
of curved analyzers have been used before to accommodate unequal source-analyzer and
analyzer-detector chords required by ancillary equipment.*>*” However, here we make use of
asymmetric operation to get high energy resolution and large analyzer solid angle together with
good sample-to-detector clearance. Similar resolutions are reported in a prior XRS study using
the von Hamos (non-Rowland) configuration*®, but it should be noted that contemporary XRS
end stations overwhelmingly use arrays of SBCAs.!>!*!7:!¥ The resulting wide energy scan of

the inelastic x-ray scattering and the C K-edge XRS itself are shown in Fig. 17, main panel and
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inset, respectively. The results indeed agree with the well-known spectrum for graphite. While
these results are preliminary, they build on the strength of the prior demonstrations in this paper
and strongly suggest the use of 0.5-m radius SBCA in XRS measurement, especially when a
study requires focusing and thus makes source broadening irrelevant.

We note one detail missing from our present study: 0.5-m SBCA are typically sliced for
strain relief which raises the question of whether the XRS imaging modality that is now is

49,50

common use™ " may exhibit some degradation. This is an important topic for further study.

5. Conclusions

We investigate the merits of asymmetric Rowland geometries of spherically bent crystal
analyzers (SBCAs) for laboratory based XAFS and XES as well as for synchrotron studies of
high energy resolution fluorescence detection (HERFD) and x-ray Raman scattering (XRS).
Several benefits of asymmetric operation are demonstrated. First, a single SBCA employed
asymmetrically can use 4kl hopping to access a large range of crystal planes and corresponding
d-spacings, greatly extending the useful energy range with fine energy resolution compared to
conventional symmetric operation. Second, by satisfying the condition that the source be at
least relatively near to the SBCA sphere center, asymmetric Rowland geometries can mitigate
or eliminate Johann error. Third, asymmetric Rowland geometries can significantly increase the
clearance between sample and detector when the nominally perfect sphere-center geometry can
be used. The combination of suppressed Johann error, larger solid angle (by use of the 0.5-m
SBCA enabled by the elimination of Johann error), and large source-detector distance makes
asymmetric operation an especially appealing paradigm for the design of future XRS

endstations.
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Chapter 8 - hklhop a Selection Tool for Asymmetric
Reflections of Spherically Bent Crystal Analyzers for
High Resolution X-ray Spectroscopy

Originally published as: J. Abramson, Y. Chen, G. T. Seidler. Journal of Analytical Atomic
Spectrometry 2025 Vol. 40 Page 817-824. J. Abramson wrote and conducted the majority of this

work.

High resolution, hard x-ray spectroscopy at synchrotron x-ray light sources commonly uses
spherically bent crystal analyzers (SBCAs) formed by shaping a single crystal wafer to a
spherical backing. These Rowland circle optics are almost always used in ‘symmetric’ (or
nearly symmetric) configurations wherein the reciprocal lattice vector used for energy
selectivity via diffraction is coincident with the normal vector to the curved wafer surface.
However, Gironda, et al., recently proposed that asymmetric operation of SBCA, wherein the
reciprocal lattice vector is no longer normal to the wafer surface, has significant operational
benefits and has been an underutilized opportunity. First, those authors find improved energy
resolution through decreased Johann error, or equivalently find increased solid angle at a
chosen experimental tolerance for energy broadening. Second, they find productive, high-
resolution use of a large number of reciprocal lattice vectors from a single SBCA, thus enabling
operation over a wide energy range without need to exchange SBCA upon making large

changes in desired photon energy. These observations hold the potential to improve
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performance, increase flexibility and decrease cost for both laboratory and synchrotron
applications. Given these motivations, we report an open-source software package, hklhop, that
enables exploration of the complex space of analyzer wafer choice, experimental energy range
or ranges, and desired suppression of Johann error. This package can guide both the design

and the day-to-day operations of Rowland spectrometers enabled for asymmetric use.
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1. Introduction

Johann-style spherically bent crystal analyzers (SBCAs) have seen extensive use at
synchrotron facilities for photon-in photon-out spectroscopies!™® and in laboratory
spectrometers for x-ray absorption fine structure and x-ray emission spectroscopy® *'¥. With
rare exceptions at synchrotron facilities'®, and excluding the small adjustments made for wafer
miscut in laboratory instruments?°, the SBCAs are operated with the diffracting plane that
provides energy resolution nominally coincident with the curved crystal surface. This
‘symmetric’ configuration has the source and detector at equal angles with respect to the
cylindrical axis of the SBCA. However, the Rowland circle equally supports asymmetric
operation, a fact previously commented on by several groups, albeit infrequently used!® 23, In
asymmetric operation the diffracting crystal planes are offset by an angle a in the Rowland
circle plane (henceforth ‘Rowland plane’) from the wafer surface, see Fig. 1. Note the need to
introduce a distinction between the Bragg angle 65, angle between the diffracting crystal plane
and incoming x-rays, and the spectrometer or ‘mechanical” angle 8,,, angle between the normal
crystal plane and incoming x-rays.

Recently, Gironda et. al.>*, reported the development of an SBCA-based Rowland
spectrometer that is optimized for investigation of asymmetric operation, having both the
necessary mechanical freedom for asymmetric source and detector positions and also a new
‘clock angle’, or ¢, degree of freedom that rotates the SBCA about its cylindrical axis. The
importance of such a rotation for bringing a desired reciprocal lattice vector into the Rowland

1.20

plane was previously noted by Mortensen, et al.”", as a one-time manual adjustment to adapt to

modest wafer miscuts and thus remove the need for two-axis tilt stages for orientation of
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SBCAs. Gironda, et al.?* motorize this degree of freedom enabling precise and repeatable
rotations to bring any reciprocal lattice vector into the Rowland plane. For means of
illustration, consider the pole plot for Si (211), Fig. 2, with a and ¢ being the radial and
azimuthal directions, respectively.

While symmetric operation of such an analyzer would, allowing for harmonics, enable
high resolution study of a few ~1-keV wide energy regions, there would be large gaps that in
present symmetric practice would require physical exchange of SBCAs to obtain different d-
spacings. However, as shown in Fig. 2, there are numerous reciprocal lattice vectors
corresponding to different d-spacings within a reasonable asymmetric tilt («) from, for
example, the Si (211) diffraction plane. Using the ¢ degree of freedom the accessible energy
range of the Si (211) SBCA is greatly increased.

Gironda, et al., find two general advantages in this extended perspective on the Rowland
spectrometer. First, in accordance with prior observations?-°, but few prior implementations’-
35, they observe suppression of Johann broadening when 8, is kept relatively near to 90 deg,
even at Bragg angles where symmetric operation would require analyzer masking to prevent
significantly degraded energy resolution. For example, in Fig. 3 we show both a symmetric and
an asymmetric spectrometer configuration with the same SBCA that are tuned to the same
energy, 8905 eV for the Cu Kb 3 emission line. However, the anticipated energy resolutions are
not the same: symmetric operation will have large broadening from Johann error while
asymmetric operation, which is close to the ‘Johann normal alignment’ (INA)*® where 6,,=90
deg, will be largely immune from Johann broadening. Second, Gironda, et al.?, in fact do find

that the many reciprocal lattice vectors available from a single SBCA can often span all, or very

145



nearly all, of the hard x-ray range where SBCAs are used. Hence, the common use of suites of
SBCA to cover many different emission lines or absorption edges might be replaced with a
much smaller number of SBCA, perhaps even just one, combined with the new ¢ degree of

freedom resulting in cost savings and in simplified operations.

detector

Source

Figure 1 Diagram of asymmetric operation from the reference frame of the SBCA. 6 B is the
Bragg angle, a is the angle between the crystal plane normal to the SBCA surface (which
reflection the crystal was cut for, GO) and the reflection plane being used for asymmetric
operation, Ghkl, and 8 M is the angle between the SBCA surface and the incident X-rays.
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The above proposal to centralize asymmetric configurations in future spectrometer
design and operations, however, comes with at least two limitations. First, asymmetry degrades
the in-plane focus of the analyzed radiation on the detector plane and also disadvantageously
increases the sagittal defocusing due to the shorter analyzer-to-detector chord®®, possibly
resulting in lost detection efficiency due to finite detector size. This issue and the quantitative
benefits in suppressing Johann error are addressed in the recent ray-tracing study of Chen, et
al.3¢ 3®Second, the considerable freedom of asymmetric operation comes with a need to fully
explore the combined space of analyzer wafer selection, spectroscopic reflection selection,
energy ranges dictated by experiment design, and energy resolution (meaning suppression of

Johann error). We report here an open-source software package, hk1hop, for this purpose.
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Figure 2 Pole plot demonstrating other reciprocal lattice vectors, G ~_hkl, available from the
Si(211) SBCA. The radial direction is a, the angle of the reciprocal lattice vector with
respect to [211], and the azimuthal direction is ¢, the rotation angle of the system about the
[211] direction. We show G ~_hkl with Miller indices in the range +12, with only selected
points labeled for clarity of presentation.

2. Methods

The package hk1hop is implemented in a Jupyter Notebook. It is available as an open
source code on Github®’. Ray tracing calculations are geometrical, with no allowance for strain

effects?, using the xrt package ** and following the methods of Chen et. al.>
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3. Results and Discussion

(a) Gy = Gy = Si(551) (b) Gy = Si(553)
CuKB, ; CuKB,;
E =8905 eV E =8905 eV
05 = 66.3 deg 05 = 80.0 deg
0, = 66.3 deg 0y = 95.0 deg
a =0 deg a=15deg

Figure 3 Two options for studying the Cu Kf1,3 fluorescence. (a) Symmetric operation of a Si
(551) SBCA; (b) Asymmetric operation of a Si (551) SBCA using the Si (553) diffraction plane.

The package, schematically shown in Fig. 4, was developed with one main function,
hkl selection, for investigating the possible 4kl space of specified SBCAs and energies
and another function, sbca_selection, for investigating the possible 4kl space when only
an energy is specified (no limit to SBCA wafer orientation). Here we consider five workflows
that follow from realistic experimental needs: the user has a single SBCA and target energy to
study (Case I); the user has a single SBCA and multiple energies to study (Case II); the user has
multiple SBCAs and a single energy to study (Case III); the user has multiple SBCAs and
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multiple energies to study (Case IV); and the user has just an energy to study with no restriction
on SBCA (Case V), see Figure 4. For Case I-1V the user must input a list of SBCAs (presently
restricted to Si or Ge), a list of target energies, spectrometer specifications, and constraints on
possible asymmetric orientations. These restrictions include the maximum index of the
diffracting plane, the 85 range, the 8,, range, and the necessary energy range above and below
the target energy. For Case V the user instead inputs the maximum index of possible SBCA
options, a target energy and the same restrictions as for Case I-IV. Below, we provide

representative studies for each of the five workflows.
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Figure 4 Descriptions of the five main use cases for the hklhop package. The two main
functions in the package are hkl selectionand crystal selection.

For Case I, where the user has a single SBCA and single energy to study, Table 1 shows
the output with a Si (551) SBCA to isolate Zn Ka at 8639 eV, such as is needed for a high-
energy resolution fluorescence detection (HERFD) study>® *°. Generally, Si (642) G is ideal
for symmetric operation for Zn Ka as it has the best 5= 81.48 deg; given symmetric operation,

0y = 0. While 81 deg is generally favorable, accessing the (642) crystal plane
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asymmetrically from the Si (551) SBCA results in the same Bragg angle but 8,, is now 94.82
deg, closer to the JNA and consequently leading to better energy resolution via decreased
Johann error. This is further demonstrated by comparing the (642) and (64-2) Gpi from Table 1.
In Fig. 5 we show ray tracing results for the energy response function mapped across the face of
the SBCA for these reflections. Note that the symmetric Si (642) shows 1- eV error at the
SBCA edge while the asymmetric Si (642) shows 0.5-eV error and the asymmetric Si (64-2)
shows 2-eV error. This difference between the three diffraction planes leads to a choice of the

asymmetric (642) Guu over the symmetric (642) and asymmetric (64-2) Gy reflections.

Go [ 0 (deg) o (deg) Oy (deg) Ga-o @ (deg) CE (%) SCE (%)
0 Si[551] [642] 81.5 13.3 94.8 [100] 43.0 80.3 100.0
1 Si[551] [64-2] 81.5 26.1 107.6 [100] -56.6 32.2 100.0
2 Si[551] [551] 70.7 0.0 70.7 [100] 22.0 56.1 56.1
3 Si[551] [55-1] 70.7 16.1 86.8 [100] -82.0 37.1 56.1
4 Si[551] [711] 70.7 36.5 107.2 [100] 10.6 17.8 56.1
5 Si[551] [4 4 4] 66.3 27.2 93.5 [100] 98.0 21.0 38.7
6 Si[551] [44-4] 66.3 433 109.6 [100] -82.0 14.7 38.7

Table 1 Output from the hk1l selection function for Case I, having a single SBCA and

single target energy, studying Zn Ko with a Si (551) SBCA. The green box has been added
for indication of the optimal reciprocal lattice vector option.

The choice of which Gy to use depends largely on experimental constraints but
typically the most important criteria is 8, with larger angles being favorable having less source
size broadening®2°. Note that source size broadening is generic across symmetric and
asymmetric operation as it is due to the source spanning multiple Bragg angles. This is followed
in importance by 6,,, picking the reflection closest to JNA, and with no other considerations
besides energy resolution the (642) Guu with the Si (551) SBCA would be the best choice for

studying Zn Ka in a laboratory setting, see the green box in Table 1.
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Figure 5 Predicted energy dispersion across the SBCA face for Si (642) reflections from
symmetric and two asymmetric configurations: (a) using the (642) G symmetrically having 65
and 0, of 81.40 deg (b) using the (642) Guu from a Si (551) SBCA having 05 of 81.40 deg and
0y 0f 94.70 deg (c) using the (64-2) Gy from a Si (551) SBCA having 85 of 81.40 deg and 8y,

of 107.48 deg. The larger broadening seen for the (642) symmetric and (64-2) asymmetric
configuration is due to the inferior 8.

One such consideration is efficiency, where the dominant effect is from the often-large
beam height at the detection plane when operating asymmetrically. This is considered in detail
in Chen, et al.*®, whose work serves as the basis for the collection efficiency given in the
hk1 selection output, CE. This is an estimate of the percentage of the total intensity collected
on the detection plane for a given detector height. For context, symmetric collection efficiency
for the same height detector is also given in the hk1l selection output, SCE, as even for
symmetric operation the Rowland circle with a SBCA has a point-to-line-focus character.
Details are case specific and therefore collection efficiency is not addressed further, but there is
seldom greater than 50% relative decrease in collection efficiency between the symmetric and

asymmetric cases due to increased focal height at the detector plane. Collection efficiencies
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presented in this manuscript are calculated with a 10-cm SBCA, 1-m Rowland Circle, and 6-

mm detector height. There is also a generic but small loss in reflection efficiency due to the

asymmetry itself *!. While this is a large effect for strongly asymmetric diffraction geometries,

it is typically a 10% or smaller contribution here.

Table for target energy of 5899 eV
Go Guu  |0p (deg) | o (deg) |0y (deg)| Go-o @ (deg)| CE (%) SCE (%)
0/Ge[620] | [S11] 74.8 13.2 88.0 | [100] | 57.7 333 53.8
1 Ge[620]|[51-1]| 748 13.2 88.0 [ [100] | -57.7 | 333 53.8
2(Ge[620] [[5-1-1]| 74.8 31.6 1064 | [100] | -21.6 | 133 53.8
3[{Gel[620] | [422] 65.5 254 90.8 [100] | 107.5| 13.0 22.1
4Ge[620] | [42-2]| 655 25.4 90.8 [100] [-107.5| 13.0 22.1
Table for target energy of 6930 eV
Go Gua  |0g (deg)| o (deg) |0xm (deg)| Gao-0 [P (deg)] CE (%) [SCE (%)
0] Ge[620]| [531] 69.3 15.8 85.1 [100] | 141.7 | 21.2 30.2
1 Ge[620]|[53-1]| 69.3 15.8 85.1 [100] [-141.7| 21.2 30.2
2/Ge[620] | [51-3]| 693 31.2 100.5 | [100] | -78.1 12.1 30.2
Table for target energy of 7478 eV
Go Gua |08 (deg)| o (deg) |Oum (deg)| Go-o |P (deg)| CE (%) |SCE (%)
0/Gel[620] | [533] 73.9 29.8 103.7 | [100] | 1129 | 14.0 48.3
1/ Ge[620]|[53-3]] 739 29.8 103.7 | [100] |-1129| 14.0 48.3
2/Ge[620] | [60-2]| 67.9 25.8 93.8 [100] | -46.5 | 13.8 26.8

Table 2 Output from hkl selection function for Case II, having a single SBCA and multiple
target energies, studying Ni Ka, Mn Ka, and Co Ka all with a Ge (620) SBCA. The green
boxes have been added to indicate the optimal choice of reciprocal lattice vector. The case
shows the ability of a single SBCA to cover a range of energies.

Next, in Case II the user has a single SBCA and multiple energies to study. An example

output is displayed in Table 2 for a Ge (620) SBCA being used to study the Mn Ka (5899 eV),

Co Ka (6930 eV), and N1 Ka (7478 eV) fluorescence. The tables, generated separately for each
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energy, demonstrate the flexibility of working asymmetrically in allowing one SBCA to access
multiple energies while retaining good resolution. Using the same diffraction plane selection
method as for Case I we see that Ge (511) or (55-1), Ge (531) or (53-1), and Ge (533) or (53-3)
reflection planes will be used, respectively, for Mn Ka, Co Ka, and Ni Ka fluorescence, see the

green boxes in Table 2.
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energy ranges of the Si (100), Si (211), Si (551), and Si (642) SBCAs when used
asymmetrically. The y-axis of each graph shows accessible crystal planes for ~4-10 keV.

To further examine the flexibility of working asymmetrically, Fig. 6 shows the full

coverage of unique asymmetric reflections (those that do not access the exact same energy
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range) from Si (100), Si (211), Si (551), and Si (642) SBCAs within an energy range of 3750 to

10000 eV. These plots are generated by an auxiliary function of the package, bar chart. Due

to the higher symmetry for the Si (100) SBCA there are fewer crystal planes with unique d-

spacing within reasonable a values, leading to poorer energy range coverage and therefore a

preference for low symmetry SBCAs for asymmetric operation. At lower energies there are

fewer crystal planes with correct d-spacings, leading to sparser energy range coverage for all

SBCAs, high or low symmetry.

Table for target energy of 11,070 eV
Go Gui |08 (deg) | a (deg) | O (deg) | Gao-0 |D (deg) |CE (%) |SCE (%)
0| Si[642] | [931] 79.7 17.7 97.4 [100] | -8.9 323 98.0
1| Si[211] | [931] 79.7 19.7 99.4 [100] [ -26.1 28.0 98.0
2| Si[642] | [93-1]| 79.7 26.3 106.0 | [100] | -31.9 18.6 98.0
3] Si[111] | [664] 75.4 10.0 85.4 [100] | -60.0 | 41.7 57.4
4| Si[642] | [664] 75.4 14.4 89.7 [100] | 1574 | 32.1 57.4
5[ Si[211] | [664] 75.4 16.8 92.1 [100] | -148.5 | 27.7 57.4
6| Si[642] | [753] 70.0 4.1 74.1 [100] | 1369 | 322 32.2
71 Si[211] | [753] 70.0 9.7 79.6 [100] | -112.2 | 28.0 32.2
8| Si[111] | [753] 70.0 18.1 88.1 [100] | -30.0 19.9 32.2
9| Si[211] | [911] 70.0 26.3 96.3 [100] 0.0 14.4 32.2
10| Si[642] | [911] 70.0 28.3 98.3 [100] 5.9 13.4 32.2
11| Si[642] | [91-1]] 70.0 34.8 1048 [ [100] | -15.0 11.0 32.2
12| Si[642] | [75-3] | 70.0 34.8 1048 | [100] | -71.2 11.0 32.2
13| Si[211] | [91-1] | 70.0 36.2 1062 [ [100] | -15.2 10.6 32.2
14| Si[642] | [840] 67.3 17.0 84.3 [100] | -43.1 18.4 25.4
15| Si[211] | [840] 67.3 24.1 914 [100] | -50.8 14.3 254
16/ Si[111] | [840] 67.3 39.2 106.5 | [100] | -30.0 9.6 254

Table 3 Output from hkl_selection function for Case III, having multiple SBCAs and a single
target energy, studying Pt VtC fluorescence with a Si (111), Si (211), or Si (642) SBCA. The
blue and green boxes have been added to highlight the optimal choices of reciprocal lattice
vector. The green box is for a large source size spectrometer, e.g. laboratory, where 85 is the

most important parameter for resolution, whereas the blue box is for a small source size

spectrometer, e.g. micro-focused beamline, where 6,, is the most important parameter for

resolution.
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For Case III with a single energy and multiple SBCAs, Table 3 gives output for the
energy of the Pt valence-to-core (VtC) fluorescence with either a Si (111), Si (211), or Si (642)
SBCA. Comparing Gy across all three SCBAs the optimal configuration to study Pt VtC can
be chosen as before: the [931] reciprocal lattice vector accessed with the Si (642) SBCA has 8y,
closest to JNA for the options with the best 8g, see the green box in Table 3. One common
experimental constraint that will change this choice is having a small source size, such as from
a micro-focused synchrotron beam. For small source sizes, the value of 8, controls analyzer
selection over 8y because energy broadening becomes dominated by Johann error rather than
source size, with the caveat that a good 65 is still beneficial to minimize the consequences of
off-circle alignment. Hence, for a small source size the [664] reciprocal lattice vector accessed

with the Si (642) SBCA is preferred, see the blue box in Table 3.
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Table for target energy of 5463 eV
Go Gua | 0B (deg)| o (deg) | Oy (deg)| Go-0 | DP(deg) | CE(%) |SCE (%)
0| Si[533] | [331] 65.6 19.2 84.8 [100] | -98.7 15.9 22.3
1| Si[311] | [331] 65.6 25.9 91.6 | [100] |-132.1 | 12.9 22.3
2| Si[311] [[33-1]] 65.6 40.5 106.1 | [100] | -90.0 9.2 223
3| Si[533] | [33-1]| 65.6 42.7 1084 | [100] | -73.0 8.8 22.3
Table for target energy of 7058 eV
Go Guu |08 (deg) | o (deg) |0m (deg)| Go-0 | DP(deg) | CE(%) [SCE (%)
0| Si[311] | [531] 73.1 14.5 87.6 | [100] | -106.8 | 27.9 44 .4
1| Si[533] | [531] 73.1 17.5 90.6 | [100] | -52.7 | 23.8 44 .4
20 Si[311] [ [53-1]] 73.1 30.0 103.1 [ [100] | -73.2 13.7 44.4
3| Si[100] | [531] 73.1 32.3 1054 | [001] | 71.6 12.6 44 .4
4| Si[100] | [53-1]| 73.1 32.3 1054 | [001] | 1084 | 12.6 44 .4
5| Si[100] | [51-3]] 73.1 323 1054 [ [001] | 161.6 | 12.6 44.4
6| Si[100] |[5-1-3]] 73.1 32.3 1054 | [001] | -161.6 | 12.6 44 .4
7] Si[533] | [440] 66.2 30.4 96.6 | [100] | -81.3 11.5 23.3
8| Si[311] | [440] 66.2 31.5 97.7 | [100] | -106.8 | 11.2 233

Table 4 Output from hkl selection function for Case IV, having multiple SBCAs and
multiple target energies. Here V VtC and Fe Kf fluorescence is being studied by a Si (100),
Si(311), or Si (533) SBCA. The green boxes have been added to indicate the optimal choice
of reciprocal lattice vector for each energy.

For Case IV, investigating the use of multiple SBCAs to study multiple energies, Table 4
considers measurement of V VtC and Fe Kf3 fluorescence using either a Si (100), Si (311), or Si
(533) SBCA. By combining the multiple target energies and multiple SBCA options from Case
IT and Case III the user can investigate the full range of options available to them and choose
the best SCBA and Gxi combination at each energy or choose the best single SBCA that can
study all the energies having Gi options for each. In this limited example of three SBCAs and
two energies, all SBCAs can reach reciprocal lattice vectors with the largest 85 possible for
each energy, but having different a, and therefore differing 8,,. Optimizing 6,, while

maintaining the largest 85 leads to a choice of Si (311) SBCA accessing [331] for V VtC
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(5463eV) and Si (533) SBCA accessing [531] for Fe K (7058eV), boxed in green in Table 4.
This choice uses a different SBCA for each energy, but if instead a single SBCA was desired to

measure both V VtC and Fe Kf then the Si (331) SBCA would be selected as it has the smallest

deviation of 6,, from JNA across both energies.

E (eV) G Op (deg) Go o (deg) Oy (deg)
0 13615 [11 3 3] 81.4 [311] 4.1 85.5
1 13615 [11 3 3] 81.4 [511] 53 86.7
2 13615 [97 3] 81.4 [331] 7.1 88.4
3 13615 [97 3] 81.4 [531] 8.4 89.8
4 13615 [97 3] 81.4 [551] 9.7 91.0
5 13615 [97 3] 81.4 [55 3] 10.6 92.0
6 13615 [10 6 0] 77.9 [53-1] 9.7 87.7
7 13615 [106 0] 77.9 [531] 9.7 87.7
8 13615 [10 6 0] 77.9 [220] 14.0 92.0
9 13615 [10 6 0] 77.9 [55-1] 16.1 94.1
10 13615 [106 0] 77.9 [551] 16.1 94.1
11 13615 [8 6 6] 77.9 [111] 8.0 86.0
12 13615 [8 6 6] 77.9 [55 3] 10.8 88.7
13 13615 [8 6 6] 77.9 [422] 11.4 89.4

Table 5 Output from sbca_selection function for Case V, having just a target energy, 13,615
eV for U La;. The function finds all reciprocal lattice vectors, Guu, that access the energy
above a certain 65 and find the SBCA reciprocal lattice vectors, Go, that reach it and the

associated a and 6.

Finally, for Case V, where the user has selected an energy but is open to all SBCA
choices, we consider U La; in Table 5 which demonstrates typical output of the
sbca_selection function. From this table an SBCA can be chosen to study a fluorescence line
at an optimal configuration, see the green box in Table 5 for this example. While only one
energy is shown in Table 5 the sbca selection function accepts input of a list of energies,
making a table for each one. This can help plan experiments where the number of SBCA

changes can be minimized.
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Presently, we have only addressed asymmetric operation of SBCAs, but these ideas

may, with difficulty, generalize to von Hamos geometry**#

with a cylindrical analyzer. In that
case the full flexibility of selecting an 4kl would be reduced but a precise orientation of a
cylindrically curved wafer would allow access to some asymmetric reflections. This could

result in an increase in accessible energy range at high Bragg angles but will still be reduced

compared to the SBCA case.

4. Conclusions

Asymmetric Rowland circle geometries greatly improve the energy range of SBCAs
while also decreasing Johann error but have been historically underutilized due to lack of
spectrometer capability, knowledge of the benefits, and guidance on how to operate
asymmetrically. The hk1hop package provides users with the missing guidance with tools to
choose the best combinations of analyzer and reflection for any given experiment. Taking input
tailored to a specific experimental set up, users are provided with tables of analyzers,
reflections, and important parameters which aid in the choice and implementation of
asymmetric operation. While the package is currently limited to Si and Ge SBCA, other

analyzer materials can be easily added.
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Chapter 9 - X-ray Emission Spectropolarimetry of
Strongly Anisotropic Single Crystal Systems using a

Rowland Circle Geometry

Manuscript by J. Abramson, C. Cardot, J. Kas, J. Rehr, W. Kaminsky, H. Michor, P. Becker, G.
T. Seidler.

J. Abramson performed all the experimental work and collaborated with C. Cardot to perform
analysis and write the majority of this work.

Polarization dependence has historically seen extensive use in x-ray spectroscopy to determine
magnetic and local geometric properties, but more broadly as a way to gain extra sensitivity to
electronic structure at the level of individual magnetic orbitals. This is often done in the context
of x-ray absorption through techniques like x-ray magnetic circular dichroism or x-ray linear
dichroism, but it has seen little application to x-ray emission. Here we explore the information
contained in the polarized emission of two 3d transition metal systems across both core-to-core
(CtC) and valence-to-core emission (VtC) lines. We demonstrate how the Rowland circle
geometry can be used as a spectropolarimeter, and apply it to the x-ray emission spectroscopy
of spin-1/2 Cu(Il) and spin-0 Ni(ll) ions in LiVCuQO+and DyNiC>, respectively. From this we
explore how the polarized XES provides a reflection of the occupied density of states at the
valence level, either as a second order effect through Coulomb exchange (CtC x-ray emission)
or by direct transitions (VtC x-ray emission). Finally, we highlight how the individually

polarized dipole emission spectra can be extracted from an orthogonal suite of directed
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emission spectra, allowing for polarized measurements at high Bragg angle with lower

experimental broadening.
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1. Introduction

X-ray emission spectroscopy (XES) is an element-specific probe of the occupied density of
states [1]. It can be performed on a wide range of sample types, including under in situ
conditions, which has led to its growing use for probing valence level electronic structure,
chemical bonding, oxidation state, and ligand field effects [2]. However, analysis with XES is
limited to only probing the occupied orbitals and therefore, when relevant, it is used in
complement with x-ray absorption spectroscopy (XAS) which probes the unoccupied orbitals.
This complementary nature has emerged as a powerful characterization pathway and been
utilized to determine the structure of nitrogenase [3], the redox chemistry of lithium ion
batteries [4], and the catalytic process of transition metal catalysts [5].

Many new materials such as superconducting cuprates, layered perovskites, or quasi-1D
materials have anisotropic electronic structure [6, 7] which is ideal for study by x-ray
spectroscopic techniques. In particular, polarized XAS and XES exploit selection rules
governing electronic transitions to study the directional dependence of the local electronic
environment [8].

Indeed polarized XAS is used frequently in techniques such as x-ray magnetic circular
dichroism (XMCD) [9, 10], x-ray magnetic linear dichroism (XMLD) [11], angle-resolved
photoemission spectroscopy (ARPES) [12—16], and resonant inelastic x-ray scattering (RIXS)
[17-21] to study the directional dependence of the local electronic environment. For example,
polarized RIXS has proven to be a powerful technique through its ability to naturally
disentangle the symmetry of intermediate excitations via polarization analysis, and can probe

dd and charge transfer excitations in strongly correlated materials [20, 22-25].
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Alternatively, polarized non-resonant XES has seen little study due to the difficulty
involved in measuring the polarization of a photon from low brilliance sources, i.e.
fluorescence. Studies by Drager and Czolbe [26, 27] showed there were” polarization effects in
XES which reflected the m-resolved density of states, but these developments were hampered
due to optical constraints and detector efficiency. More recently Bergmann and co-workers [28]
demonstrated how electronic anisotropy from different ligand species can produce a
polarization dependence in the Kf" peak of Mn VtC-XES from [Rh(en);][Mn(N)(CN)s]-H.0O
single crystals.

To further investigate the application of polarized XES, both individually and in
complement with XAS, we present two case studies on single crystal systems, LiVCuO4 and
DyNiC,. We directly measure polarized XES using a spectropolarimeter design similar to the
one developed by Drager” et al. [29] but with improved energy resolution, and indirectly by a
new technique to extract the polarized spectra from a set of linearly independent, unpolarized
XES spectra. We employ multiplet and real space Green’s function calculations to interpret the
electronic structure information from polarized CtC and VtC XES techniques. Finally we
propose future developments using asymmetric Rowland operation [30] to achieve better
resolution and polarization sensitivity in spectropolarimetry, which would push the analytical
capabilities of polarized XES into being a proper complement to polarized XAS.

1.1 Manuscript Overview
The manuscript proceeds as follows. Section 2 describes the relevant terminology, a
framework of XES and corresponding toy model, and the single crystal systems we study. In

Section 3 we describe the experimental and computational methods. Special attention will be
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paid to the experimental setup and data processing to confirm that we perform a comparison of
different polarizations on a consistent energy scale. In Section 4 we present a polarization
analysis of the CtC Kf XES and VtC-XES for both materials. Finally, in Section 5 we

summarize our results and conclude.
2. Background

2.1 Terminology

Here we explicitly define the terminology regarding directed and polarized spectra used
throughout this manuscript. Spectra measured at high Bragg angle will contain approximately
equal contributions from in-plane (p) and out-of-plane (s) polarizations, and will therefore be
refereed to as unpolarized. Spectra measured at low Bragg angle will be dominated by the out-
of-plane polarization, and therefore we will refer to these as partially polarized. Further details
will be provided in Section 3.1.

A key note is that both of these are considered directed spectra, where the specified axis
refers to the direction of photon propagation, denoted as 1., 1, or .. However, the partially
polarized spectra are dominated by a specific polarization component that is perpendicular to
the propagation direction, and are therefore denoted with both the polarization axis and
propagation axis specified (ex: oy, ). In contrast, polarized spectra refer to emission resulting
from a dipole transition along a specific axis, denoted purely as oy, g, or o-. All polarized
spectra presented in this work are either extracted from experiment following Section 3.4.3 or

directly calculated from theory. The terminology is summarized in Table 1.
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Term Definition

Unpolarized High Bragg Angle
Partially Polarized Low Bragg Angle

Ox x-polarized spectrum
oy y-polarized spectrum
0z z-polarized spectrum
Ix x-directed spectrum
I, y-directed spectrum
L z-directed spectrum

Table 1: Terminology and symbol definitions used in this work.

2.2 X-ray Emission Spectroscopy

X-ray emission is the fine energy resolution study of the fluorescence given off when an
atom radiatively decays to fill a core hole left behind from an absorption event [2]. For 3d
transition metal (TM) systems, the Kf XES involves filling a 1s core hole from the 3p orbital,
and known as a core-to-core (CtC) transition. CtC Kf XES has two main spectral features:
Kpi13and Kp’. The Kp131s defined by transitions from the spin-orbit split 3p12 or 3p3» orbitals
filling the 1s hole. The Kf satellite line originates from the exchange interaction between the 3p
core hole and unpaired 3d electrons in the valence shell. The strength of the satellite is strongly
dependent on the 3d spin state, growing for higher spin systems [2].

When the transition is from the valence levels, which have a mix of 34 and ligand
character, to 1s core hole the process is known as a valence-to-core (VtC) transition. 3d TMs
VtC-XES also has two main spectral features; a main K/ s spectral region coming from
molecular orbitals with metal 3d, metal 4p, metal 4s, and ligand 2p character, and a Kf" satellite

from ligand 2s electrons filling the metal 1s hole. As such VtC-XES is highly depend on local
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environment with the Kf» s peak changing due to bonding and 3d electron configuration and the
Kf'" peak energy and intensity being dependent on ligand speciation and bond length [31].
2.3 Electric Dipole Polarization Dependence

The x-ray emission intensity from a given initial state i is expressed in Eq. 1. The total
spectrum comes from the sum over Fermi’s golden rule for all final states f[32]. The energy Aw
is the energy of the radiation, m is the mass of the electron, 7 is the spatial coordinate vector,
and k (| k| = 2z/2) is the propagation vector of the photon [32—34]. The orientation of the
emitted radiation is entirely described by % and the polarization unit vector ¢", which is

orthogonal to %.

we?

hm2ect

S [(rlexp(iR -7 & 7li)|
7 (1)

x 0(Ey — E; + hw)
If we approximate the wavelength of the photon, 4, to be much larger than the size of the
Ls shell, 4 > r, we arrive at the dipole approximation in Eq. 2. The dipole transition operator is
given by Y, €, - 7. The isotropic spectrum is equivalent to taking the average of the trace of the

polarization tensor.

oM o N I (fIY D ea - Tli) [P6(Ef — B+ hw)
f o
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!

oy Ty bo.

(2)

We refer to the observables ox, gy, and o as the polarized spectra. They represent the

emission intensity as a function of energy for a dipole transition along a given axis, and they are
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the quantity that polarization analysis of a single-crystal XES study seeks to determine. The
dipole selection rules restrict transitions to be between orbitals that are related by A/ = +1,
which follows from the fact that the position operators x, y, and z transform as components of a
spherical tensor of rank 1 and thus only connect states whose angular momenta differ by one
unit [35].

The spectrum corresponding to a photon with wave vector k will have a polarization
perpendicular to the direction of propagation [36]. The intensity of the emitted photon is
symmetric azimuthally about the dipole transition moment axis (see Appendix A), which means
that the measured emission along a given axis is composed of an equal mixing of the two
signals with polarization perpendicular to the direction of propagation. The system of equations
which gives the unpolarized intensity measured from a photon propagating in a given direction
(Ix, 1, and I.) is shown in Eq. 3, where o, g,, and o correspond to the spectra from the x, y, and

z dipole transition operators respectively.

) L] ([0 1 1] [o.
Lo = I, <5 {1 0 1) 1oy 3)
I. 1 1 0f |e.

2.4 Toy Model of CtC-XES

Local anisotropy is often reflected in the (projected) electronic density of states of the
valence shell of metal ions. For the purpose of demonstrating the origin of polarization effects
in CtC-XES, we investigate how anisotropy in the valence level electron configuration is
transferred to other levels via the the electron-electron Coulomb interaction. We start with a toy
system of one d electron and one p electron, fixing the d electron to be spin down in the d,

orbital. The choice of dy, for this example is arbitrary, but in a real system will be determined by

172



valence level splitting from crystal field effects. The Coulomb Hamiltonian is given in second
quantization in Eq 4, where 7 = g,m,/,n denotes the spin and orbital degrees of freedom. The two
particle Coulomb operator between the p and d orbitals can be split into spherical and radial
components, and further split into the ‘direct’ (FO, F2) and ‘exchange’ (G1, G3) terms [37]. The
coefficients ; set the scale of the individual Slater-Condon terms. For the toy Hamiltonian, we
set the coefficients % =[1.2,8.0,8.0,5.0] to

approximate the interaction between the 3p and 34 orbitals in the final state of a K XES

process.
ng Z [/ J— all alﬂan Ar, (4a)
T1T2T3T4
1 _ . Ar
L'TTJTngTq §§ﬂ'1,ﬂ'3_a02,0’4 Z 2)&3 |. J_ (4b)
k=0
i (k) [ L, (k) 1
X (YJ'EJ.[I ) | Yi’fl] —iry |K::1:}} <KE&41}| Y;n..l—‘rra;g |Y;Ea:])
x R* [T1T2T374]
L"rrj—”—ﬂ—m—,i K [;[}Pd i K1 1;2[,(] (4(.)
| K Glpd | (%] G:ip‘_{
d- d-Spin | £~ spin | SPI ) (B0 | (F2e) | (Glpa) | (G3pa)
Orbital P orpital | PP Aligned? | 7Y pd pd pd pd
dxy down Dx down yes -0.885 | 0.748 0.457 -1.600 | -0.490
dxy down Dx up no 1.205 | 0.748 | 0.457 0.000 0.000
dxy down Dy down yes -0.885 | 0.748 0.457 -1.600 | -0.490
dxy down Dy up no 1.205 | 0.748 | 0.457 0.000 0.000
dxy down p- down yes -0.473 | 0.748 | -0.914 0.000 | -0.306
dxy down p- up no -0.167 | 0.748 | -0.914 0.000 0.000

Table 2: Table of Coulombic d-orbital and p-orbital interactions for a system with one d
electron constrained in the spin down dy, fermionic mode and one p electron.
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Table 2 shows the contributions to the total energy (HioyC) for different p, d
configurations. These were calculated using the many-body second quantization code Quanty to
encode the toy Hamiltonian [38]. The direct terms FOpq and F2p4 are always non-zero, with the
FOpq term corresponding to a spherically symmetric constant contribution and the F2pq changing
signs and magnitude according to whether the occupied orbitals have overlapping symmetry.
This behavior is effectively an inter-orbital Hund’s rule [39]; when the d and p electrons have
overlapping symmetry (ex: dx, and py) the energy of that configuration is raised compared to
when their symmetries do not overlap (ex: dx, and p:).

The exchange terms G1pqand G3pq come from the fermionic behavior of electrons which
energetically split spin-aligned configurations from spin-opposed. Hund’s principle of
maximum multiplicity leads to systems with aligned spins having lower energy than when spins
are opposed. The exchange terms behave similarly to the direct terms in that the magnitude of
the interaction is larger when the symmetries of the two occupied orbitals are overlapping, but
the contribution to the total energy is always negative. The behavior of the exchange Coulomb
terms is what gives sensitivity to spin in CtC-XES, where for example the KA peak changes
depending on whether a system is in a high spin or low spin configuration [2].

We demonstrate how this behavior in Fig. 1 combines with the difference in Coulomb
interaction based on symmetry overlap to give polarized spectra. Starting from an initial state
with 6 p electrons and an s core hole, we use the x, y, and z dipole transition operators to control
where the unpaired electron in the p orbital ends up in the final state. The final state is
constrained to have the single d electron in the dy, orbital, meaning that our final states are

analogous to the six rows shown in Table 2 (up to an overall shift).
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Figure 1: The polarized dipole p — s emission spectra and final states of our toy system
described by Eq. 4. Only final state configurations with a spin down electron in the d, orbital
are calculated. The top row shows the spectra for different dipole transition operators (x, y, and
z). The middle row shows the expectation value of the total system (S?) operator for the final
states. The last row shows the singlet configuration corresponding to the p core hole created by
each of the dipole transition operators.
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Figure 2: The polarized dipole p — s emission spectra for a final state described by Eq. 4, but
with two electrons pinned into the same dy, orbital. The top row shows the emission spectra for
each polarization and the bottom row shows the singlet configuration of each final state.

Quanty was used to calculate the p — s polarized dipole emission spectra. The first row
in Fig. 1 shows x, y, and z polarized emission spectra. We note that the x and y polarized
emission are identical with a large splitting between the singlet and triplet states, while the z
polarized emission has a much smaller splitting. An important note is that because we are
neglecting spin-orbit splitting in this toy model the multiplicity of the entire system (S?) is a
good quantum number, and it allows us to distinguish the configurations as seen in the second
row. The singlet configuration for each final state is shown in the last row. For more
information about the quantitative behavior of the splitting between the singlet and triplet states
we refer readers to the theory discussion in Lafuerza ef al. [1]. The splitting between these

configurations is the same mechanism that underpins the spin-dependence of the Kf’ peak in 3p
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— 1s XES. The behavior of this toy system highlights a key result, namely that the intensity
and position of the K/’ in polarized emission can be a reflection of orbital occupation as well as
the spin state.

A simpler, but equally useful result comes from adding a second electron into the dx,
orbital, see Fig. 2. The addition of a second electron takes the system from a spin-1/2 to spin-0
configuration and removes the split singlet-triplet behavior. While the final states of the non-
degenerate polarizations will still experience an overall shift in energy, the effective anisotropy
in the spectra becomes much weaker.

The model here is simple, but the results are generic. We have demonstrated how the
polarized emission of CtC-XES is sensitive to the occupation of the valence orbitals via the
Coulomb exchange interaction. Consequently, any symmetry breaking perturbations (crystal
field, charge transfer) will also be reflected in the spectra. This is distinct from the polarization
sensitivity observed in absorption techniques like L>3 XLD or XMCD, where the electron
transitions from p into d provide a direct probe of the unoccupied density of states in the
presence of a core hole.

2.5 Crystal Systems

We study two transition metal compounds: LiVCuO4 and DyNiC. The crystal structure of
LiVCuOg4is shown in Fig. 3. CuO4 ladders run through the ab plane, and have a nearly perfect
square planar bond orientation with a small rhomboidal distortion, giving the Cu-O cluster a
point group of D2;. The Cu(Il) ion leaves the system with ns= 9. The crystal field splitting for

the local cluster around the Cu leaves a single unpaired d-electron and a spin-1/2 system [40].
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The DyNiC; structure is shown in Fig. 4 and has a structure of alternating Ni-C and Dy
sheets in the hc-plane. The local Ni-C cluster is a strongly distorted square planar structure with
a point group Cz,. The Ni(Il) ion has ns= 8. Low symmetry clusters, like DyNiC,, experience
spin-quenching when the crystal field split levels all lose their degeneracy [41], hence the ns= 8
configuration here is fully spin-paired, leading to a spin-0 system.

Both systems have orthorhombic unit cells and therefore the crystal axes are orthogonal.
For describing the direction of propagation and polarization of the x-ray emission we will use

the x, y, z coordinate convention with the obvious mapping to the a, b, ¢ crystal axes.
3. Methods

3.1 Experimental Setup

All XES measurements were performed on a laboratory spectrometer described in
Jahrman et al. [42], using a 100W x-ray source with a Pd anode, 10-cm diameter spherically
bent crystal analyzer (SBCA), and an Amptek X-123 silicon drift detector on a 1-m Rowland
circle. The x-ray tube was held at 2.8 mA current and 35 kV accelerating potential. A 1-mm
entrance slit and an SBCA mask that covers the outer 30 mm on either side of the SBCA were
used to reduce the experimental broadening. Measurements were made with 0.25 eV steps
around the features of interest and 1 eV steps outside this region for background determination.
Each spectrum was collected over multiple scans, with the specific number of scans chosen to
obtain a total of at least 10,000 counts for the Kf 3 peak and ~1000 counts for the Kf> s peak.
The first and last few scans were compared and showed no evidence of beam damage.

As shown in Fig. 5, two spectrometer geometries were used to obtain the unpolarized and

partially polarized XES measurements, using high and low Bragg angles, respectively. Specific

178



Bragg angles are shown in Table 3. The experimental broadening is ~3-eV greater for the low
Bragg angle geometry compared to the high Bragg angle, shown for reference spectra in Fig. 6,

due to source size and Johann error broadening being worse for smaller Bragg angles[43—45].

()

Cu O L1 V

Figure 3: (a) LiVCuOq4 crystal structure. (b) Face down view on the a-b plane of square planar
Cu-O chains.
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(a)

b

Figure 4: (a) DyNiC; crystal structure. (b) Face down view on the b-c plane of distorted square
planar Ni-C chains.
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(a) SBCA = Si (553)/ Si (551)

Detector J}

(b) SBCA = Ge (444) / Ge (620)
Oy =~59 deg

Figure 5: Rowland Circle geometry for unpolarized, (a), and partially polarized, (b), CtC
and VtC K XES measurements. For each geometry the first SBCA is for Cu
measurements and the second is for Ni measurements.
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Emission | Spectrometer
Emission Line Polarized SBCA Oz (deg.) Pol. Factor
CuKp No Si (553) 80 0.88
CuKp Partial Ge (444) 58 0.19
Cu VtC No Si (553) 78 0.84
Cu VtC Partial Ge (444) 58 0.19
Ni Kp No Si (551) 81 0.91
Ni Kf Partial Ge (620) 57 0.17
Ni VtC No Si (551) 80 0.88
Ni VtC Partial Ge (620) 57 0.17

Table 3: Emission line, polarization classification, analyzer, Bragg angle, and polarization
factor (R,/Ry) for all data presented in this work. See Fig.5 for graphical representations.

Polarization control was achieved by exploiting the difference in reflectivity of emission
from photons polarized perpendicular (s-polarized) versus parallel (p-polarized) to the
reflection plane, see Fig. 7. The reflectivity of these two polarizations is calculated with
Fresnel’s equations [46] using the index of refraction for Si or Ge at x-ray energies. This gives a
ratio of emission reflecting off the SBCA with polarization parallel (Rp) versus perpendicular
(Rs) to the Rowland plane of ~0.2 for low Bragg angles and ~0.85 for high Bragg angles.
Therefore using the spectrometer geometry at low Bragg angles achieves selection of x-rays
that are primarily polarized perpendicular to the Rowland plane, meaning that we detect a
partially polarized spectra. By orienting the emitting sample with one crystallographic axis
perpendicular to the Rowland plane the partially polarized spectra show the transition intensity

along the specific axis.
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Figure 6: Cu foil K x-ray emission spectra taken at high (orange) and low (green) Bragg
angle.

3.2 Samples and Sample Orientation

Photographs of the two samples are shown in Fig. 8 (a) and (b). Both samples are plate-

like having 4-mm to 8-mm spatial extent in their planar directions and are thinner (~1-mm) in

the perpendicular direction. The LiVCuOg4 crystal was grown from LiVOs flux cooled by

0.1K/hr from ~880K as described in Grams et al. [47]. Single crystal X-ray diffraction was

performed to confirm the structure and to orient the crystal. The DyNiC; crystal was grown and

characterized following the procedure described in Roman et al. [48]. The crystal was

synthesized using pure elements and the floating zone technique. It was oriented with Laue
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method and then characterized by scanning electron microscopy, powder x-ray diffraction to
confirm crystal growth and homogeneity.
The samples were oriented in the spectrometer on a custom 3D printed mount for each
measurement so one crystallographic axis is perpendicular to the Rowland plane and another is
15 degrees from the emission direction. An example of this mounting is given in Fig.8 (c). The
15 degree offset allows for a much higher count rate with a small correctable loss of
directionality along the in-plane crystal axis, discussed in Section 3.4.3.
Reference Cu and Ni foils that were used during the calibration process were procured

from ESPI metals being 99.995% elemental pure.
3.3 VtC-XES Computational Details

To calculate the Kf» s XES and the /,m projected density of states (DOS) we use the real-
space Green’s function code FEFF10 [49] which calculates a single-particle Green’s function
where many-body interactions are approximated via the LDA exchange-correlation potential.
This is sufficient for valence level spectroscopies due to the more delocalized nature of the
orbitals involved in bonding, and has been demonstrated to perform similarly to time-dependent
DFT approaches for VtC-XES [50]. The x, y, and z polarizations are calculated using the
POLARIZATION card and we include both electric dipole and quadrupole transitions with the
MULTIPOLE card. While the main contribution to the VtC-XES of 3d transition metals comes
from the p DOS from the dipole transition, roughly 10% of the intensity comes from
quadrupole transitions from the s and d DOS, as demonstrated in Mortensen et al. [51].

The potentials and densities were calculated with the self-consistent field (SCF) approach

and an SCF radius of 5.0 around the emitting atom and the spectra were calculated with a full
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multiple scattering (FMS) radius of 7.0-A. The XES was calculated using the standard practice

of omitting the core hole in accordance with the final state rule. The lifetime

—— Unpolarized Bragg Angle Range

1.0 -
—— Polarized Bragg Angle Range /

R, /R,

30 40 50 60 70 80 90

Bragg Angle (deg.)

Figure 7: The calculated ratio of reflectance of x-rays with polarization parallel to the Rowland
plane (R,) verse perpendicular to the Rowland plane (R;) as a function of Bragg angle for the
SBCA. The minimum and maximum Bragg angles for the unpolarized (red) and partially
polarized (green) XES spectra are marked.
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broadening from the core hole is already included within FEFF spectra, and a 1.0 eV FWHM
Gaussian broadening was convolved with the spectra for comparison with experiment. Spectra
were shifted independently to align with experiment, which is necessary to account for
limitations from the muffin-tin potentials used within FEFF [51]. An extended version of the
FEFF code was use to calculate the real spherical harmonic projected density of states, which
can be directly compared to the x, y, z polarized spectra.
3.4 Data Processing Procedure
3.4.1 KB-XES

The KJ spectra were processed by first averaging all spectra for one sample orientation. A
background subtraction calculated from the first and last 5 eV of the spectrum was applied,
followed by an integral normalization over the background subtracted spectrum. A unique
Bragg angle correction is applied to the spectrum to position it in energy relative to a foil
reference spectra. This is necessary because of the sensitivity of the energy scale to the sample
position’s relative to the entrance slit when the sample is not large enough to fully illuminate
the entrance slit, a limitation that is related to the issue addressed in Abramson et al. [52].
Following that work, we find that summing a series of alignment scans as the sample steps
across the entrance slit creates an effectively-large sample spectrum that fully illuminates the
entrance slit. This set of scans can be used to finely calibrate the energy scale for the final
measurement with a stationary, small sample - see Fig. 9. The calibration procedure involves
comparing the resulting effectively-large sample spectrum’s and the normalized, background
subtracted spectrum’s Kf 3 energy to find the Bragg angle offset that corrects for the actual

illumination of the entrance slit. This step is followed by the usual Bragg angle correction
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applied equally to all reference and sample spectra to align the Cu and Ni foil reference K13
energy with their published, standard values. This process aligns both the partially polarized
and unpolarized spectra on the same energy scale for comparison.
3.4.2 VtC-XES

VtC-XES spectra were processed by summing all scans for one orientation then
subtracting a constant background calculated by averaging the highest 5 eV of data. This was
followed by normalization of the VtC region with the integral of the Kf1 3 and K features to
bring the VtC spectra to a consistent molar scale [53]. The Bragg angle corrections determined

by the Kf XES are similarly applied to the VtC-XES.
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Figure 9: Kf XES scans of the LiVCuOs single crystal sample as it is stepped across the
entrance slit and the summation of these scans. A vertical gray dashed line marks the center
position of the Kf 3 peak, found by a fit to the summation. This energy is used to apply a Bragg
angle correction to the sample spectra, positioning it correctly in energy relative to a Cu foil

reference spectra.
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3.4.3 Polarized Spectra Extraction

As described in Section 2.3, dipole x-ray emission propagating in a particular direction
(ex: z) is a combination of emission from dipole transitions in the plane perpendicular to this
direction of propagation (x and y). For the Rowland circle spectrometer, the direction of
propagation is towards the SBCA, and the two polarizations which can reach the detector are
orthogonal to the propagation direction: in the Rowland plane (p) and perpendicular to the
Rowland plane (s). The ratio of s and p polarizations which reach the detector depend on the
Bragg angle, laid out in Fig. 7. Due to the 15 degree difference between crystallographic axis
and emission direction in the Rowland plane (Section 2.5) the p-polarization has contribution
from polarized spectra along two crystallographic axis while s-polarization is only from the
polarized spectra of the out of plane axis, example shown in 8(c). By measuring the emission
spectra from a sample along three linearly independent directions, a system of equations is
created where each directed spectra is an linear combination of the underlying polarized
spectra. The relationship between measured intensities and the underlying polarized emission
along the x-, y-, and z- directions is given in Eq. 5. The linear combination coefficients, 4, have
a geometric component due to the 15 degree difference between crystallographic axis and
emission direction in the Rowland plane (Section 2.5) and a reflectivity component due to the
R,/Rsratio of the Rowland circle geometry. 4 in Eq. 5b is given for DyNiC; with the second
row matching the sample orientation shown in Fig. 8(c). With 4 being known, we extract
extract the polarized spectra by matrix inversion.

At high Bragg angle, R,/Rsis ~0.85, requiring the extraction procedure of Eq. 5 to infer

the polarized spectra from the measured unpolarized directional spectra. At low Bragg angle
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R,/Rsis ~0.2 which heavily favors the out of plane polarization. Performing the dipole
extraction on the measured partially polarized directional spectra changes the integral intensity
by ~5 percent, meaning that the measured partially polarized directional spectra are
approximately equal to the polarized spectra. An important note here is that this extraction
procedure will only be exact for dipole transition spectra. Because the spectra we study in this
work are all highly dipole dominated (see Appendix B), we will only consider the previously

mentioned extraction procedure.

L] Lo
R, sin 15° R, R, cos 15°-|

A= [Rpcos15° Rjpsin15° Rs (5b)
[ R, R,cos15° R, cos 15°J

4. Results and Discussion

4.1 CtC-XES

We expect core-to-core transitions to demonstrate relatively weak polarization sensitivity
given that local environmental effects are only reflected through a coupling between the core
hole and valence level, as we discussed in Section 2.4. The size of the effect is demonstrated
through experimental spectra in Fig. 10. The left and right columns show the Kf emission from
LiVCuOs4 and DyNiCs respectively. The top (a, b) row shows the unpolarized spectra and the
bottom (c, d) row shows the extracted polarized spectra along the crystallographic directions
using the procedure laid out in Section 3.4.3.

While the overall anisotropic signals in both K/ spectra are weak, one key observation is

the polarization dependence of the Kp’ feature. The spin-1/2 Cu in LiVCuO4 shows a significant
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difference between the o. spectrum and the a./0, spectra. This, along with knowledge of the
crystal field symmetry from the C,, Cu cluster, allows us to determine that the unpaired electron
lies in the d., orbital (using the crystal axes as a basis). When the polarization vector is in the
xy-plane, the interaction between the newly unpaired 3p electron and the unpaired 3d,, electron
produces an energy difference between the spin-aligned (triplet) and spin-opposed (singlet)
configurations, leading to a more prominent K/ satellite. Conversely, when the polarization
vector of the emission is along the z-axis, the symmetry of the core hole and the unpaired
valence electron do not match and the interaction is weaker, leading to a less prominent Kf'
feature and a larger Kf main peak for the z-polarized spectra in Fig. 10 (c).

The Ni in the DyNiC, system is spin-0 and therefore produces no Kf' feature. The
absence of a singlet-triplet splitting interaction limits the anisotropic signal to small changes in
the energy and intensity of the Kf1 3 main peak. This is similar to what we observe in Fig. 2 of
the toy model, where having a spin-0 valence suppresses anisotropy in the polarized spectra.
The overall weak polarization dependence of the main K/ is not unexpected given it is a
second-order property transferred to the core level through the core-valence Coulomb
interaction.

We expect to see much stronger polarization dependence when we probe the valence
levels directly in the VtC-XES presented in the following section.

4.2 VtC-XES

The Cu and Ni VtC emission from LiVCuO4and DyNiC; are shown in Fig. 11.

Unpolarized (high Bragg angle) and partially polarized (low Bragg angle) are shown in subplots

(a, b) and (c, d) respectively. The extracted polarization spectra in subplots (e, ) are calculated
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from combinations of the directional spectra, as described in the system of equations given in
Section 3.4.3. The theory spectra in subplots (g, h) are calculated according to Section 3.3, and
follow the exact same extraction procedure for the purpose of comparison.

The directed emission spectra (a, b) show weakly anisotropic behavior, which is
expected given that they are averages of two polarization contributions. The partially polarized
spectra in (c, d) qualitatively match with the polarized spectra (e, f) and the calculated polarized
spectra (g, h). They show clear polarization differences, such as the ability to distinguish which
polarized spectra are most contributing to the KA ligand peak or Kf» s feature, indicating the
usefulness of these spectropolarimeter measurements. But the ~20 percent contribution of in-
plane polarized spectra, Fig. 7, and the lower resolution, Fig. 6, for the partially polarized
measurements restricts its quantitative analysis.

For LiVCuOs the nearly square planar CuO4 structure means the Cu-O bonds lie in the
xy-plane. This geometry means that the Cu d.2 orbital lacks suitable ligand orbitals to form o
bonds, leading to reduced electron density along the z-axis and, consequently, weaker z-
polarized (o:) emission compared to the x and y polarizations. The unpolarized /. emission in (a)
is therefore stronger than the /; and /, signals, as it averages over stronger in-plane transitions.
Similarly, the partially polarized and extracted polarized spectra in (c) and (e) show suppressed
o: contributions, while gy and g, remain strong and nearly identical due to the symmetry of the
in-plane bonding environment. This also accounts for the presence of the K" ligand peak at
8958 eV in both gy and o.

For DyNiCo, the distorted planar structure leads to highly anisotropic emission, with the

oy spectrum being the strongest, followed by o, and then a,, which is the weakest due to the
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absence of a Ni—C bond along the x-direction. This is analogous to the lack of Cu-O bonding
along the z-axis in LiVCuOs. The distortion of the NiCj4 cluster results in nonequivalent g, and
oz spectra. The differences are consistent with the Ni—C bond angles in the bc-plane: an average
of 42.78" relative to the b/y-axis and 37.08" relative to the ¢/z-axis. This slight compression
along the z-axis manifests in the spectra as a ~3 eV energy shift of the . Kf> 5 emission peak

compared to the o, one, and a more intense C ligand peak at 8316 eV in the z-polarization.
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Figure 10: (left) LiVCuO4 Cu and (right) DyNiC; Ni Kf CtC-XES. (a, b) Unpolarized emission
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at high Bragg angle from radiation propagating along the x (blue), y (red), and z (brown)
directions. (c, d) polarized spectra extracted from the directional spectra in (a, b) with

polarizations along the x (purple), y (green), and z (orange) directions. Difference plots are
shown at the bottom of each subplot and are calculated by subtracting the average spectra from

each curve. Note the polarization dependence in the Kf’ feature for LiVCuOsa.
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Figure 11: (left) LiVCuO4 Cu and (right) DyNiC, Ni VtC-XES. (a, b) Measured unpolarized
emission from radiation propagating along the x, y, and z directions as defined by the coordinate
systems in Section 2.5. (c, d) Measured partially polarized emission, where each spectrum is
dominated by a single polarization axis, albeit with poorer energy resolution. (e, f) Extracted
polarized spectra. (g, h) Calculated polarized emission, including both electric dipole and

quadrupole components.
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In both DyNiC; and LiVCuO4, the Kf" satellite is relatively weak compared to the main
Kp2,5 peak, a trend attributable to the long metal-ligand bond distances—1.96 A4° for Ni-C
bonds in DyNiC; and 2.14 A° for Cu—O bonds in LiVCuO4 [31]. This reduces the hybridization
between the ligand 2s and metal valence orbitals, thereby suppressing the weak Kf’ feature.
Additionally, the K'—Kp» 5 energy separation is roughly 5 eV greater in LiVCuO4 than in
DyNiC,, reflecting the difference in 2s binding energies between O and C ligands [54].

The extracted polarization spectra in subplots (e, f) match well with the calculated
polarized spectra in subplots (g, h), and their residuals. However, one important difference
between the calculated and extracted is that the position of the KA peak is too high in energy by
about 2 eV. This is likely due to limitations imposed by the use of muffin-tin potentials within
the FEFF code to approximate the scattering potential, which tend to underestimate the
anisotropy of the electron density in the interstitial regions. As a result, the hybridization
between the transition metal 3d and ligand 2p states may be overestimated, artificially shifting
the energy position of the K" peak.

4.3 Future Directions

The spectropolarimetry to directly measure the polarized spectra (low Bragg angle)
suffered as a analytical measurement from low resolution and only partial polarization
sensitivity. Both factors can be greatly improved upon by working in an asymmetric Rowland
configuration [30], allowing for a selection of reflection geometry with near 45 degree Bragg
angle for perfect polarization sensitivity with emission incident perpendicular to the SBCA face
reducing one of two main broadening mechanisms, Johann error [43]. If the spectropolarimetry

measurements were performed with asymmetric Rowland geometry and with micro-focused
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synchrotron radiation the other main broadening mechanism, source size error, could be
eliminated resulting in a direct, high-fidelity measurement of polarized spectra.

An additional benefit of performing the direct polarized measurements at a synchrotron
source is the increased flux which allows for resolving weaker spectral features such as
quadrupole transitions, which depend on both the direction of propagation and the polarization
axis, adding an extra layer of complexity. Because quadrupole transitions are much weaker than
the dominant dipole transitions (see Appendix B), their detection requires careful analysis of
intensity variations with crystal orientation. Achieving lower experimental broadening and

increased flux would make it significantly easier to isolate and identify these subtle features.

5. Conclusion

We have shown that single crystals with local asymmetry around the a 3d transition metal
reflect the anisotropy in the polarized emission spectra for both the CtC and VtC-XES. The
polarized emission along a specific crystallographic direction is obtained directly with partially
polarized measurements obtained with laboratory single crystal spectropolarimetry and
indirectly with a new technique to extract polarized spectra from unpolarized emission. With
the polarized emission we obtained information about the local electronic structure, particularly
the anisotropic distribution of unoccupied states.

The CtC Kp features showed clear polarization dependence for Cu in LiVCuO4, which can
be attributed to the spin-1/2 nature of Cu?*. This allows for Coulomb coupling between the 3p
and 3d orbitals. The emission weight shifts toward the Kf feature when the polarization is in
the ligand plane and toward the Kf1,3 feature when it is perpendicular to the plane. In contrast,

DyNiC: contains Ni*" in a spin-0 configuration, and its CtC spectrum showed little to no
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polarization dependence. This contrasting behavior is consistent with predictions from a simple
toy model.

In the VtC region, both systems exhibited strong polarization effects. The K" and K, 5
features became more intense when the polarization aligned with metal-ligand bond directions,
consistent with expectations based on orbital occupation. Additionally, the K" peak entirely
disappeared for out-of-plane polarizations, further emphasizing the directional nature of the
metal-ligand bonding. These trends were qualitatively reproduced by FEFF calculations,
reinforcing the interpretation that VtC-XES is sensitive to directional bonding and orbital
interactions [50].

Overall, these results establish polarization-resolved XES as a valuable tool for probing
anisotropic electronic environments in transition metal systems. This technique provides access
to subtle variations in chemical bonding and orbital character, which could be further leveraged
in future studies to resolve weak quadrupole transitions, characterize ligand field asymmetry,

and investigate site-specific electronic structure in more complex systems.
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7. Appendix

A Directional Dependence of Dipole Radiation

The radiation pattern of any dipole or quadrupole transition element between two
hydrogenic orbitals can be calculated by directly integrating the matrix elements from Eq 2
(dipole) and Eq 6 (quadrupole) for an arbitrary k. The propagation vector k and polarization
vector ¢ are given in Eq 7, where ¢ is the angle € makes in the plane perpendicular to % which

will be integrated out. This follows the same convention established in [33].

. 2
(- M(k-|i)| 3(EB—Eithw) ©

e

. sin @ cos ¢
k(f,p) = |sinf@sing (7a)

cos @

cosf cos ¢ cosd — sin ¢ sin d
€0, ¢,0) = |cosfsinpcosd — coswsind (7b)

—sinf cos d

For example, the angular component of a dipole transition from a p: orbital to a s orbital
is written out in Eq 8, where 8, ¢, and ¢ are as defined in equation 7, and p and @ are dummy
variables used for evaluating the matrix element. The matrix element ends up simply as
(s| € 7|p-) o sind, and the radiation pattern is given by (sind)?, as is shown in Fig. 12 (a). We
also show examples for the px — s, d-2 — s, and dy, — 5. The surface of the radiation pattern
gives a qualitative measure of how much radiation is emitted in a particular direction from a
given dipole transition element. Given the generalized definitions of % and T, it’s possible to
invert them and derive the ’polarization’ pattern for a fixed polarization direction and a
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propagation vector integrated over a plane (J), which of course produces the exact same

patterns but with a different interpretation.

2 27 iy
(s) - 7lp.) = [ [ ®)
0 0 0

(((:Us 0 cos ¢ cos & — sin ¢ sin d) sin p cos w)
(((:Us 0 sin ¢ cos § — coswsin d) sin psin w)
((— sin @ cos §) cos p) (sin pcos p) dp dw (M]

o sind

B Additional FEFF calculations

X-ray emission is often interpreted as a reflection of the occupied density of states [1, 2,
55] in the presence of a core hole. We see this represented in figures 13 and 14 which show how
the polarized VtC-XES in subplot (a) matches up almost exactly with the p-projected DOS in
subplot (c). We also note that the quadrupole contribution shown in subplot (b) is relatively
weak, with it making up only 10% and 3% of the total spectral intensity for LiVCuO4 and
DyNiC; respectively. This supports the approximation made when extracting the polarizations
from the directional spectra. The main contribution to the quadrupole transition is the d-
projected DOS which is much larger (in units of electron/eV) than the p-DOS. The overall weak
contribution to the total spectra is due to the additional % term in the quadrupole matrix element

and the small overlap between the metal 34 orbital and 1s orbital.
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(a) pz -> s Dipole Radiation Pattern (b) px —> s Dipole Radiation Pattern

(c)

dz2 => s Quadrupole Radiation Pattern (d) dxy ->s Quadrup?llt_e lBadiation Pattern

Figure 12: Radiation pattern of dipole and quadrupole transitions between different /, m
orbitals. (a) and (b) show dipole transitions from the p. and py to s orbitals respectively while (c)
and (d) show quadrupole transition from the d-> and d,, to s orbitals. The shape of the radiation

patterns are equivalent to oscillating charges with spatial distributions that are consistent with
the lobes of positive and negative phases from each atomic orbital.
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Figure 13: FEFF calculated Cu VtC spectra and DOS from LiVCuO4. (a) Polarized x-ray
emission with the quadrupole component averaged over directions perpendicular to the
polarization axes. (b) Isotropic emission separated into dipole (red) and quadrupole (blue)
components. (c) The p-projected density of states. (d) The d-projected density of states.
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components. (c) The p-projected density of states. (d) The d-projected density of states.
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