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Introduction

High resolution off resonant spectroscopy as
a probe of the oxidation statet

Michal Nowakowski, @ *@ Aleksandr Kalinko, @ Jakub Szlachetko, @ ¢
Rafat Fanselow 9 and Matthias Bauer @2

Currently, chemistry and physics are strongly dependent on the concept of the oxidation state. While the
formal oxidation state is easily evaluated, the real physical oxidation state value is often difficult to
determine and significantly varies from the formal values. Determination of the ionization threshold in X-
ray absorption spectroscopy (XANES) relies on the absorption edge position and sometimes poses
limitations, mainly due to the edge resonances. Moreover, the lower energy states can be probed only
within x-soft or XUV photons providing only surface state information of probed materials. Here, we
employ high energy resolution off-resonant spectroscopy to determine both 1s and 3p binding energies
of Fe-based materials and therefore correlate to their physical oxidation state. The results are compared
to the ones obtained with classical X-ray absorption, X-ray emission, and photoelectron spectroscopies.
The observed differences in binding energies are discussed in a frame of initial and final state interactions
with the atom's electronic configurations. The presented methodology is discussed towards potential
use to single-shot experiments and application at X-ray free-electron lasers. Alternatively, core level X-
ray emission spectroscopy can be used, but the emission line positions are strongly affected by spin-
orbit interaction. However, due to the energy transfer from the photon to the excited core electron, the
same information as in XANES is probed in high energy resolution off-resonant spectroscopy (HEROS).
Based on the Kramers—Heisenberg theory, we propose a new approach for ionization threshold
determination which is free of the limitations encountered in XANES-based determination of the core
state energy. Namely, the value of core state energy can be determined analytically using a few HEROS
spectra recorded with significantly higher spectral resolution. This approach provides a basis for the
universal physical oxidation state determination method.

A canonical way to assign an oxidation state is to use X-ray
absorption spectroscopy (XAS). The method is based on

Electronic structure determination of chemical complexes
employing hard X-ray spectroscopy is an ongoing challenge.
While most of the definitions and conventions are unambig-
uous, the definition of fundamental oxidation states is based on
textbook formalism. Numerous attempts to assign physical
oxidation states based on spectroscopic approaches exist.'”
While covalent compounds with synergistic donor and acceptor
bonds remain a significant challenge,* ionic compounds are
intrinsically more suited to establish experimental methods for
oxidation state determination.
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photoexcitation of core-level electrons above the Fermi level of
a compound, and in simple understanding, the absorption
coefficient is proportional to the density of unoccupied states
(unoccupied DOS). XAS theory, instrumentation, and applica-
tions are well described in the literature and textbooks.>** In K-
edge spectroscopy of 3d metal compounds, the electron is
excited from a 1s” state resulting in a 1s'ep final state (super-
script represents the number of electrons). In simple electro-
static terms, the absorption edge sensitivity to the oxidation
state can be explained as the difference in electrostatic potential
between the non-ionized N electron and the N-1 electron
system. The energy required for photoexcitation of the 1s elec-
tron will be lower for the N-electron system since the total core
potential is less negative than in the N-1 electron system. Thus,
the edge position for the N-electron system will be observed at
smaller energies compared to that for the N-1 electron
system.'>"* Alternatively, the 1s — 4p transition (to continuum,
with a limited lifetime) energy is used to correlate the metal-
ligand bond distance (R) to the oxidation state. In simple
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compounds the distance gets shorter for a higher oxidation
state, and the energy of the 4p acceptor state rises by a factor of
R relative to the ionization threshold.™ The edge position is
higher in energy for a higher oxidation state in both cases. K-
edge X-ray absorption near edge structure (XANES) of transi-
tion metals (TM) is based on 1s — np transition (n = 3,4,5), and
the position of the inflection point of the rising edge is used as
a measure for the ionization threshold.*® The edge position can
be determined experimentally from the maximum of the I** or
zero value of the 11" derivative. Unfortunately, XANES or high
energy resolution fluorescence detected (HERFD) XANES'® are
often heavily affected by ligand contributions in the rising
edge.'”"® The presence of additional transitions (1s — 3d, 1s —
2PLignad, and 1s — 4p) in the edge region that have intrinsic
lifetimes and experimental broadening leads to ambiguities."®
Although carefully selected references can sometimes account
for these, more often than not, they hinder precise oxidation
state determination. In many cases, for example for Mn
contamination in air, a linear combination fitting (LCF) analysis
of XANES spectra allowed the determination of the oxidation
state of compounds in the pollution mixture.*® The finger-
printing property of near-edge was also demonstrated for Cu in
determination of the oxidation state of reagents in catalytic
reactions via LCF.?* However, the method is limited for the
cases where feasible references with similar electronic structure
are available. In such cases, uncertainties are mostly arising
from spectral intensities, precision of energy calibration curves,
energy resolution and experimental stability. The final error bar
for the oxidation state obtained by the LCF procedure is
amplified by the aforementioned factors and fitting procedure
giving rise to values between 10 and 20%. In some geologic and
analytic studies, the problem of the edge position was circum-
vented by using the intrinsic sensitivity of the pre-edge feature
to determine the oxidation state solely or in cross-reference with
Mdssbauer spectroscopy.”*°

Complementary to XAS, X-ray emission spectroscopy (XES)
can be used to get more insight into the electronic structure of
an atom. While the physical principles are the same as in XAS,
the method is focused on occupied densities of states from
which a created core hole is filled, resulting in a fluorescence
decay channel. For 3d transition metals, the analysis of the
core-to-core (CtC) KB XES mainline, described by
a 1s'3p°3d” — 1s’3p°3d™" transition is the method of choice
for the oxidation state determination in the limit of K edge
excitation. The resulting spectrum is broadened by the initial
and final lifetimes. The presence of unpaired 3d electrons
induces additional 3p-3d exchange interaction that lifts the 3d
state degeneration and leads to an additional split in the
mainline accompanied by the appearance of a satellite Kp’
peak.”’?* The energy difference between KB and KB’ lines
which describes the energy distinction between high- and low-
spin states and is denoted in spin-orbit coupling theory,
changes with the number of unpaired 3d electrons (spin
multiplicity) and the oxidation state.>® The position of the KB
mainline is affected by spin-orbit coupling and the valence
shell angular momentum, causing an entangled nature of all
interactions.” Moreover, the KB mainline position is
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influenced by the ligand field, and the corresponding charge
transfer to a metal center frequently referred to as covalency.”
A localized nature of CtC-XES is considered allowing an
oxidation state determination in simple compounds®~** and
more complex systems®**** similar to XANES spectroscopy; the
mentioned influences also cause some uncertainties here.
Despite these difficulties and disadvantages of XANES and
CtC-XES, a precise oxidation state determination is of the
utmost importance in numerous disciplines, like under-
standing chemical reactivity and electronic structures. Here,
the formal oxidation state is defined as the charge of an atom if
all of its bonds were fully ionic, while the physical oxidation
state represents the ‘real’ charge on the atom, which is affected
by the nature of the chemical bonding. Hard X-ray K-edge
spectroscopy offers unique properties to understand chem-
ical systems under realistic conditions, like high pressures
and temperatures; thus, a more precise oxidation state deter-
mination is highly desired. Resonant X-ray emission spec-
troscopy (RXES), frequently referred to as RIXS (resonant
inelastic X-ray scattering),**>® offers new approaches here.
RXES is a coherent process in which an electron is excited to
a localized state above the Fermi level with near-simultaneous
emission of a fluorescence photon.**® The fluorescence
emission from a narrow bandwidth (i.e. 1 eV) is recorded with
varied incident beam energy efficiently discriminated by
energy dispersive analyzing crystals. The two-dimensional
information on incidence and emission energies allows for
spectral analysis with lifetime broadening being reduced
significantly.” RXES therefore provides highly resolved,
complete information on the electronic structure of
compounds in the form of a 2D matrix of internally calibrated
XAS and XES spectra.** Information about unoccupied and
occupied electronic states can be derived by performing inte-
gration along the vertical and horizontal axes over selected
regions of interest, respectively. The RXES plane can be
divided into three regions dominated by different physical
processes:** Off-resonant-, resonant-, and non-resonant XES
(high resolution off-resonant spectroscopy XES or HEROS-XES,
RXES, and nXES). The main difference between nXES and
RXES is that in nXES the emission is retarded which results in
lost coherence of the process. In such a case, a 1s core electron
is photoexcited to the continuum (1s > ep), while in RXES it is
photoexcited to the lowest unoccupied levels. On the other
hand, in HEROS the excited electron is directly involved in the
decay process.** In the case of KB RXES of 3d metals, the lowest
final state will be 1s*3p3d™*". Recently, RXES was proposed as
a tool for oxidation state analysis, and there were certain
improvements of significant value®** however, not beyond the
already established know-how of the method."*” The excita-
tions in the resonant regime are an impeccable tool for iden-
tifying the electronic states and interactions contributing to
the physical oxidation state, yet they do not provide a way to
quantify this value. This paper aims to demonstrate off-
resonant spectroscopy application to determine the ioniza-
tion threshold value for an atom experimentally. The absorp-
tion threshold is understood here in accordance with the
International Union of Crystallography definition, as an

This journal is © The Royal Society of Chemistry 2022
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energy of the first allowed transition in the absorption spec-
trum.*® Thus, similar to the XAS-based experiment, we want to
establish HEROS as a tool for precise and sample
environment-independent physical oxidation state
measurement.

Materials and methods

Experimental details

HEROS and RXES measurements were conducted at the P64
undulator beamline at PETRA III, DESY.** A Si(111) double
crystal monochromator (DCM) was used for energy selection
while beam focusing and harmonic rejection were achieved
using cylindrical Si mirrors. The estimated flux on a sample was
10" ph per s. The signal acquisition in wavelength-dispersive
mode was made using a von Hamos emission spectrometer*’
equipped with eight Si(440) analyzer crystals. A Pilatus 100 k
position-sensitive detector under normal conditions was used
for signal detection. The incident energy resolution AE/E was 2
x 10~*, and the beam spot size on the sample was 100 x 300
um? (V x H). The DCM calibration was performed using the
first inflection point in the Fe foil XAS spectrum set to 7112 eV.
The total experimental resolution, including beam, sample, and
spectrometer contributions, was determined by using the
FWHM value of the elastic peak fitted by using a Gaussian
function independently for each sample. The commercial FeS,
a-Fe,0; nanopowder, and FeCl; samples (all purchased from
Sigma-Aldrich and used without further purification) were
measured as powders enclosed in two layers of Kapton. First,
the KB RXES planes were recorded (Fig. 1 for FeCl;). Afterward,
off-resonant spectra were collected with longer accumulation
times for the selected incident energies.
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Fig. 1 RXES plane of FeCls with all important features and HEROS,
RXES, and nXES regions marked.
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Off-resonant spectroscopy

For an incident X-ray beam energy tuned significantly below the
ionization threshold of an atom, a different physical effect
compared to excitations in a resonant regime will occur, leading
to the new spectroscopic method, high resolution off resonant
spectroscopy (HEROS).**** Like RXES, HEROS is a coherent
scattering process with additional instant energy transfer from
the emitted photon to the excited electron. It is possible due to
energy conservation for the scattering process at a given energy
10SS E : Eepy(E) = Einc — E¢ - E, where E.,, is the emission energy,
Einc is the incident energy, and Ef is the final state energy. In
a simple understanding of the K-edge example, the excitation
occurs on the Lorentzian tail of the 1s state. During excitation of
the electron above the Fermi level by the incoming energy Ej,. <
Ex, the remaining energy is transferred from the emitted fluo-
rescence photon (E.,) to the excited electron in the quasi-
simultaneous process. Therefore, the energy of the emitted
photon is reduced by the value of energy transferred to the
electron excited above the Fermi level. The following points
make HEROS an attractive alternative to conventional XAS or
HERFD: (1) the incoming beam energy defines the emission
energy; (2) both incoming beam and emitted radiations are
below the ionization threshold; (3) fluorescence can be
measured with fixed optical geometry and with one incident
energy. Due to the mentioned properties, a HEROS spectrum is
proportional to the unoccupied density of states, and is free of
self-absorption effects.* Moreover, the fixed setup for HEROS
accumulation makes it a good candidate for time-resolved,
shot-to-shot studies, of which proof-of-concept measurements
were already demonstrated for Pt(acac), thermal decomposi-
tion.* The limitation of HEROS applications to 3d metal
compounds is a low cross-section for the process resulting in
two-three orders of magnitude smaller signals than for RXES.*
This limitation can be circumvented by sufficiently long signal
acquisition, increased concentration of the absorber or by per-
forming experiments at brighter sources. With decreasing
radiation decay channel yield for elements with Z < 20 at the
expense of non-radiative decay channels, the relatively low
cross-sections of the off-resonant scattering will make the
measurements impossible. On the other hand, 5d elements
exhibit significantly stronger HEROS signals regarding the
emission mainline than 3d elements.** Moreover, the HEROS-
like scattering signal is visible for incident energies above the
absorption edge, and in the case of 3d elements, this scattering
is covered by the intense emission mainline. The scattering
signal above the resonance is visible, especially in the constant
energy transfer RXES plane at the pre-edge resonance. The RXES
planes for Fe,03, and FeS are available in the ESI, while the
RXES plane for FeCl; is shown in Fig. 1. With a proper intensity
scale adjustment one could see that HEROS signal features
originate from the constant energy transfer contributions that
shift continuously with the incident energy.

The principles of HEROS can be explained based on the
generalized Kramers-Heisenberg equation derived by Tulkki
and Arberg describing the double differential cross-section for
the resonant inelastic X-ray scattering.’”*** The equation
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describes scattering as a two-stage mechanism: absorption of
a photon by the initial atomic state leading to an intermediate
state and deexcitation to the final state within the atomic life-
time. The interference between the initial and final configura-
tions can be neglected for hard X-ray energies in a coherent
process.*>**** The assumption that the oscillator strength
describing the excitation above the Fermi level is proportional
to the unoccupied DOS functions and intensity of the emitted
fluorescence to the cross-section will allow to simplify the
equation and rewrite it for given photoelectron energy*’ in the
case of the K emission line region for 3d metals. The lifetime of
the final state is neglected and replaced by a Dirac delta func-
tion to maintain energy conservation.***"*® The integral can be
calculated analytically, using the relation Ee, = Einec — |Ems| — E
for the integral solution, and the result will be as follows:*’

- Ecm - |EM3‘+|EK|)
(|Ex| = Eew — |Ens|)” + I/

@ (‘EK| - |EM3D(Einc

Ixes (Eem) & Eine

IXAS (Einc - Eem - ‘EM1|) (1)

where Ixgs(Eem) and Ixas(E) are the intensities of the XES and
XAS spectrum, respectively, Ex and Ey3 are the initial
(1s*3p°4p°) and final states (1s’3p°4p'), and I is the initial
state broadening. Eqn (1) gives a simple analytical relation
between XAS and XES in the off-resonant regime, enabling the
interconversion of both sets of spectral data. We should note
that the measured off-resonant XES will indeed represent the
convolution of the distribution of the final state with the XAS
function. Accordingly, XAS intensities can be determined based
on a given off-resonant XES spectrum. The example for three
iron compounds is shown in Fig. 2, where HEROS-XES to
HEROS-XAS transformation was conducted according to eqn
(1). The energy scale was set relative to the Ex level.”” There are
few limitations for direct application of eqn (1) for the HEROS-
XES to HEROS-XAS transition in oxidation state determination.

HEROS-XES HEROS-XAS
—— o-Fe,0,
FeCl,
FeS
3
©
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Fig. 2 HEROS-XES to HEROS-XAS transition according to eqgn (1) for
all studied references performed on spectra recorded at an incident
energy of 7100 eV.
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It is important to underline that determination of XAS from
HEROS through eqn (1) will work only for the incidence beam
energies set below the absorption threshold, i.e., under condi-
tions far away of resonances. The critical factor that governs
HEROS is detuning, ie., the Ex - Ejn. value, with the condition
that Ex > Ein., which can be formulated using the detuning
parameter OE = Ex — Ejp. Fig. 3 presents the impact of detuning
OE on the shape and intensities of the HEROS-XES spectra for
FeCl; for selected incident energies below the absorption edge.
FeCl; HEROS-XES spectra were recorded for incident energies of

1,0
———21.7 eV detuning @ 7100 eV .
08 Fe KB @ 7300 eV T (a)
0,6
04
0,2
o,
——17.6 eV detuning @ 7105 eV 1786V
08 ——FeKB@7300eV -
0,6
0,4
2
o 0,2
.‘? 0,0
2 ——12.4 eV detuning @ 7110 eV 1240V
2 s Fe KB @ 7300 eV
£ 0
0,6
04
0,2
0,0
resonant-XES (nd + 1) @ 7113.7 eV
0,8 ——Fe KB @7300 eV
3
0,6 E 7113.7 eV
E
04 E
z
02 ——HR-XAS @ 7059.6 eV
’ ‘7115 7120 7125 7130 7135 7140 7145
00 Incident energy / eV sy ~ \
: 6960 6980 7000 7020 7040 7060
Emission energy / eV
5 T T T T T T
E,=7123.69 eV (b)
04
3
>
2 .10
c
@
c
2
& 204
—[l- HEROS edge
.25 4 - HEROS edge fit
-30 T T T T T T
7100 7104 7108 7112 7116 7120 7124
Incident energy / eV
Fig. 3 (a) Detuning parameter 3E in the function of incident energy

and position changes of HEROS spectra with respect to nXES for FeCls.
The inset shows an incident energy of 7113.7 eV on the HR-XAS
spectrum (@7059.6 eV) for which a resonant-XES spectrum was
collected; (b) dE(E;n) relation with extrapolation to 3£ = 0.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ja00232a

Open Access Article. Published on 29 September 2022. Downloaded on 2/16/2026 3:54:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

7100-7113.7 eV and compared to the position of the KB,
mainline. The dashed lines represent a high energy cut-off (E..
off) Of the off-resonant spectra. While for 7100 eV and 7105 eV,
HEROS spectra have a similar shape and shifted energy posi-
tions, for 3£ = —12.4 eV (Ejp. = 7110 eV), the HEROS-XES is
already significantly affected by the presence of the RXES Kf, 3
line, namely at the HEROS pre-edge peak at 7056 eV. Notably,
the edge position in the HEROS-XAS spectra after trans-
formation is always at a defined value, while the high energy
cut-off position in HEROS-XES will depend on the detuning
parameter, and so, on the employed incidence beam energy. On
the other hand, energy scales of reconstructed XAS spectra from
off-resonant data will be affected by significant uncertainty
since eqn (1) requests to precisely define the Ex and Ey; ener-
gies, while they are oxidation-state dependent. The same
behavior is found for other Fe compounds measured in the
current experiment: FeS and o-Fe,O3, and the corresponding
results are shown in the ESI.f However, we should stress that
the relative energies of cut-off positions in HEROS can be
determined with high precision. This property and the linear
behavior determined by the universal law given by eqn (1) offers
a new way for the precise determination of E; and thus, of the
physical oxidation state. The calibration procedure requires the
tuning of monochromator energy to match the inflection point
of the metal foil absorption spectrum to the reference value.
Using the HEROS and JF definition, the measured value is
a difference between E. .o and Eygs. It will allow the determi-
nation of the absorption edge position Ex using only HEROS-
XES spectra in a fixed XES setup. Given the strong X-ray fluo-
rescence signals the Compton scattering contribution is negli-
gible under applied experimental conditions due to the low
cross-section.’®

Results and discussion

HEROS-XES probes a convoluted final state distribution with an
unoccupied density of states, and the high energy cut-off relates
to Ex in XAS via energy conservation for the scattering process.
The HEROS-XES edge (high energy cut-off) can be defined as
Ecutott = Ex — OE — Ey3, where OF is the detuning energy of the
incoming X-rays with respect to the 1s threshold energy. Since
OE equals Ej,. — Ex, the HEROS-XES cut-off can simply be
defined as Ej,.—Em3. The energy conservation of the scattering
process under off-resonant conditions can be used to determine
the position of E;; from the condition of 3£ = 0. In the case of 3E
— 0, HEROS-XES is transferred to RXES, and the condition: Ej,,.
= Ek is fulfilled. Therefore, the HEROS-XES spectra can be
measured at several incidence energies far from resonances,
and the thus obtained dataset is used to extrapolate towards Ex
with high precision. Eqn (1) provides the linear relation
between Ex-E\;—F and incident beam energy for such excitation
conditions. This behavior is shown in Fig. 3 for FeCl;. The
detuning parameter dE for XES is defined as the energy gap
between the FeCl; KB mainline position and the determined
HEROS-XES high energy cut-off E., ot thus, 0E = Ecyofr — Ex +
Emsz. The HEROS-XES spectra are compared to the nXES spec-
trum recorded at an incident energy of 7300 eV. For an incident

This journal is © The Royal Society of Chemistry 2022
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energy of 7113.7 eV that corresponds to resonant excitation into
the 3d state, HEROS-XES is entirely substituted by the RXES
spectrum of the 1s”3p®3d* state (Fig. 3a, bottom). The nXES
maximum is 7059.47 eV, while the RXES maximum arises at
7059.87 eV. A different final state and multielectron interaction
can account for this variance.?®*** We recognize the RXES KB, 3
mainline position at the incidence of 7113.7 eV as the correct
ionization threshold for the 3p 1s transition since it represents
the first state populated by the photoionization event for the
lowest incident energy, without additional energy transfer from
the emitted photon.

HEROS is well described in terms of inelastic X-ray scat-
tering. The energy conservation rule for the scattering process
in the off-resonant region provides Ex = Enz + Ecutott — OF. TO
extrapolate absorption edge position the Eg, high quality RXES
plane or sets of HEROS-XES spectra for different Ej,,. values are
required to determine the E ..o from their derivatives. Addi-
tionally, an RXES spectrum corresponding to the first unoccu-
pied state is necessary. This state can be precisely determined
based on the RXES plane measurement and extracted HERFD-
XANES spectrum as shown in Fig. 4a, bottom. In this way,
a first accessible unoccupied state defined by the relation Ex -
E\; and not affected by energy transfer from the emitted photon
will be characterized. The advantage of this approach is that the
evolution of derivatives can be tracked with changing Ej,. (see
the ESIf for derivatives) in a fixed arrangement, and emission
spectra are collected in an energy-dispersive mode, which offers
superior resolution. The proposed solution will be highly
advantageous, especially for the FEL experiments with a fixed
setup: single-shot measurements, single-shot pump-probe
experiments, and single-shot X-ray pump - X-ray probe experi-
ments. While the X-ray spectrometers are operating at a rela-
tively high diffraction order of the crystal, the energy resolution
is superior to typical resolution for incidence beam mono-
chromators working with Si(111) crystals. Additionally, the core-
hole lifetime broadening due to the final state 3p™ '4p' is
present.

The calibration scheme proposed in Fig. 3 can be expanded
further to form a 2D calibration plane based on different
compounds. Fig. 4a presents a 2D calibration plane for Fe’~Fe™
compounds. For each HEROS-XES spectrum, a OE was
computed and plotted as a function of the incident energy in
the same way as shown in Fig. 3b. Linear relations were
extrapolated to 3E = 0 corresponding to the incident energy
equal to E, in XAS. The universal relation for the E; value cor-
responding to any point on the calibration plane can be derived
from simple geometry as:

OFE = Eppe + SE' — Ey.! (2)

where SE' is detuning at the corresponding incident energy
Einc' for a studied compound. Table 1 presents the results of the
proposed procedure for all three studied compounds compared
to the results obtained by classical methods. HEROS-XES
derivatives are available in the ESI.f Note that there are no
statistically significant differences between the HEROS-based
and XAS-based calibration. For an XES spectrometer
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(a) detuning parameter dE in the function of incident energy for different compounds along with fitted lines and corresponding equations.

Vertical dotted lines indicate the obtained values of the absorption edge position while the horizontal dashed line marks 8E = 0. (b) RXES plane for
FeCls with the HEROS cut-off position marked by the dark red arrow, the calibration points marked by red dots and Eq marked by the vertical
dashed line. The emission energy axis was scaled to match the condition Exg = 0 and is marked by the horizontal dashed line.

Table 1 3p state energy derived using different methods

Epps energy [eV]

Compound XAS HEROS XPS

FeCl, 63.06 64.22(17) 55.9%
o-Fe,0; 62.97 63.15(10) 55.6%"
FeS 58.95 59.56(13) 53.8%2
Fe foil 53.10 53.05(7) 52.9

calibration, one must collect fluorescence from the reference
metal foil for different incident energies around the absorption
edge with a fixed emission bandwidth. With the HEROS-XES
approach, three HEROS scans and a non-resonant XES spec-
trum are required to determine precise calibration without the
need for reference foil. For extrapolated E, values, a classical
calibration curve Ej, (formal oxidation state) can be plotted (see
the ESIf). From the linear relation between the AOS (average
oxidation state) vs. incident energy and eqn (2), an oxidation
state formula can be obtained:

E. —dE'—b
a

AOS = (3)
where a = 7111.69 €V and b = 3.61 eV ' are the incident and
slope of the Ej, (formal oxidation state) relation derived for Ex
values from Fig. 4a and Table 1.

It is interesting to evaluate from KH formalism and eqn (1) the
low energy limit for the scattering process, i.e., the lowest inci-
dence energy required to induce the off-resonant scattering
process. The lowest incidence energy has to be equal to the
energy of the final state (Ey3) from energy conservation. Thanks
to this property, the obtained calibration curves for oxidation
state determination can be employed to determine the energy of
the final state by extrapolating the calibration curves to E o = O.
In Fig. 5, we show the obtained result used to extract the 3p final
state (M3 edge) energies for the measured samples. The M3
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energy values are shown in Table 1 and compared to the XPS data
and the results extracted from high-resolution XAS measure-
ments. For the latter, we used K emission energy (3p — 1s) and
subtracted the K energy that has been obtained from the inflec-
tion point of the absorption curves. There is clear evidence of the
difference between X-ray and XPS data. This effect can be
assigned to the penetration depths that can be achieved in both
measurements. The measured signal in the XPS experiment
contains a significant contribution of surface states mixed with
bulk state information. In the case of X-rays, the penetration
depth is in the range of a few microns, and the bulk properties of
the material are probed. In this context, we should emphasize
that only the X-ray spectroscopy methods can give insights into
the high electronic orbitals with bulk sensitivity. The HEROS and
XANES data comparison indicate small change in the eV range

ro604 " ___* v - teev o r o ____t
Exs= Ex - Eys = 7058.59 eV
7050
e data
70404 Fe foil
> FeS
2 70301 FeCl T
=~ 3
= X X
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Fig. 5 2D calibration plane from figure recalculated for the absolute
Ecut-off Values and extended till O to extrapolate Ep3 values.
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for FeS and FeCl;, while the obtained values for o-Fe,0; and Fe
are essentially the same. The difference may result from the
interaction between the initial and final states with remaining
electronic states, particularly 3p-3d exchange interaction.*® Also,
the E;¢ edge position extracted from the XAS curve may not be
precise enough as the near edge spectra are overlapped with
resonant features. Furthermore, we should note the difference in
the scheme of the scattering process. In non-resonant XES, the 1s
core hole is filled within a 0.55 fs *” lifetime, and this scattering
time is constant, independent of the incidence energy. In the case
of the off-resonant scattering process, the time of scattering
equals:*

h
tyi = (4)
(Ex — Eo)* + Ty

where 7 is a Dirac constant, and for incidence energies around
20 eV below the threshold, the scattering times are in the range
of less than 0.05 fs. In this context, the interaction outcome of
electronic states involved in transition with remaining electrons
may be different due to the time dependency of the scattering
cross-section.

Finally, we would like to point out that the absorption edge
position or absorption threshold is not well defined.** Accord-
ing to the most popular experimental approach the absorption
edge is composed of an atomic background, modelled by atan
or erf functions convoluted with specific electronic transitions
modelled by using Lorentzian or Voight functions.'>** By defi-
nition, the absorption edge starts when the incident energy is
enough to promote transition of the core electron to
a continuum.*® However, absorption cross section can be
derived directly from Fermi’s golden rule written for X-ray
absorption with wavefunctions for all electronic states used;
thus, XANES involves bound states and a continuum. One can
argue that the absorption threshold, especially in the context of
the physical oxidation state, should be considered, where the
first unoccupied states emerge, including pre-edge transitions.
Such an understanding was already proven to be correct in the
analysis of the composition of glasses®*® and minerals.**?*
Here, we do not contest the definition of the absorption
threshold or its relation to the physical oxidation state.
Furthermore, since relation (2) is linear, the presented
approach can be extended to any edge feature, including the
pre-edge.

Conclusions

These results offer new physical oxidation state determination
opportunities, which could be problematic based only on the
XANES edge position. An ambiguity of this approach is recog-
nized in the literature, for example, for Cr species.” The minimal
requirement for a correct calibration curve is three different
oxidation states, and the most suitable reference would be
a single, neutral Me atom and separate Me®*" and Me®* ions.
With an apparent lack of perfect references, the most plausible
references for the oxidation state analysis should be a metal foil
as the Me reference, MeF, for Me*", and MeF; for Me** since F

This journal is © The Royal Society of Chemistry 2022

View Article Online

JAAS

is the most electronegative element in the periodic table.
Alternatively, a proposed calibration scheme based on the
relative positions of the HEROS cutoff and KB mainline
maximum can establish a correct energy grid. The presented
method allows for environment-independent E, determination
at a given energy grid. As a consequence of the equivalence of
HEROS and HERFD, with respect to the challenges in deter-
mining the edge position, the methods are the same. While the
HEROS-based approach benefits from enhanced resolution of
XES spectrometers, the E.,.of determination still is affected by
noise in the derivatives of the spectra and restricted to elements
with Z > 20. However, the same approach can be utilized to
calibrate the energy scale at charge integrating detectors at FEL
sources, where much more intense signals can be achieved.
Although the proposed method would also test a linear
dependence between the formal oxidation state and E,, it is
beyond the scope of the current communication.

The definition of the physical oxidation state remains
ambiguous due to the problems with its precise determination,
and this uncertainty raises several problems in physics and
chemistry. We have demonstrated that using off-resonant XES
spectroscopy, information about XAS Eyx can be derived.
HEROS-XES contains information about unoccupied DOS
functions of an atom, and the spectra can be transformed into
HEROS-XAS. The XAS-related detuning parameter 3E does not
affect the position of the HEROS-XAS edge (E,) while the
HEROS-XES edge (Eo(Einc — Ems — Eem)) shifts linearly with the
incident energy. This property can be used to derive a relation
between the XES-related detuning parameter dE and E, to
determine the absorption edge energy. The precise and unbi-
ased absorption edge shape value of E, can help render the
exact value of the oxidation state, which is a significant step
closer to obtaining a well-defined oxidation state of an atom in
a molecule. We should emphasize that the proposed method-
ology can be very relevant for studies of 3d-based metals (e.g. Ti,
Cr, or Cu), metal-centered molecules important for biological
research or nanomaterials as well as hybrid-systems important
for renewable energy technologies. Importantly, application of
X-rays allows for in situ research and for determination of
electronic structure changes and the energy distribution of
charges as a function of time with time-resolved pump-probe
experiments at synchrotrons and X-ray free electron lasers.
When using dispersive type spectrometers, the HEROS spectra
may be recorded with single-shot and shot-to-shot modes
without the need for scanning of any optical components of the
beamline and end station. Moreover, the use of a stochastic self-
amplified spontaneous emission process that delivers broad-
band X-ray spectra may be considered for application. High
energy resolution for the latter may be maintained with recently
developed reconstruction methods applied with SASE XFEL
beams.®’
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