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ABSTRACT

Resonant inelastic X-ray scattering (RIXS) is a promising method for elucidating detailed
electronic structure of materials in a broad range of chemical and physical applications. Here,
we use the fine fluorescence energy resolution of a RIXS spectrometer to obtain various
proxies of the Mn-L edge X-ray absorption spectra (XAS) of the perovskite Lao.cSro.4MnO3
(LSMO) as a model catalyst for the oxygen evolution reaction (OER) and evaluate the
suitability for in situ surface studies of this electrocatalyst. We conclude that the inverse
partial fluorescence yield (IPFY) of the O 2p-1s transition and the partial fluorescence yield
of the 3s-2p transition (3s-PFY)) are most suitable for determining changes at the surface of
the perovskite, because distortions at grazing incidence measurements are low. In particular,
the negligible angular dependence of the 3s-PFY spectra can be perfectly simulated using a
fluorescence model in the thin sample limit which is justified by low reabsorption of 3s-
photons. Remarkably, the 3s-PFY reveals an influence of water vapor on the electronic
reconstruction of the LSMO surface. Thus, our work paves the road for quantitative
distortion-free X-ray spectroscopy of transition metal oxide surfaces under in situ conditions,
which is needed to understand fundamental chemical processes such as corrosion and

catalysis.



INTRODUCTION

For multistep surface reactions, as in heterogeneous catalysis, it is important to determine
the active states of the surface under operando conditions in order to firstly determine a
fundamental understanding of reaction mechanisms and to secondly use these insights to
enhance the efficiency of the reaction. Therefore, in sifu monitoring of the electronic states
that are involved in the reaction is an essential step towards operando conditions. X-ray
absorption spectroscopy (XAS) is a powerful tool for probing these states.! However, the
photon attenuation length at the Mn-L edge (640 eV) in LSMO is about 230 nm based on the
Henke tables.? In a transmission experiment, the majority of the information originates from
the bulk of thin films with thicknesses less than 100 nm such as those used commonly for
electrocatalysis.> Thus, conventional soft XAS is not capable of distinctly observing surface
processes. The dependence on film thickness and transmissivity is usually avoided by using
indirect XAS methods based on spectroscopy of emitted characteristic X-rays generated by
relaxation processes after core-excitation. The fluorescence radiation is a result of the filling
of the generated core holes by transitions of electrons from the valence band or shells of lower
energy. Mapping the X-ray emission spectra (XES) as a function of the incident energy
around an absorption edge represents the so-called resonant inelastic X-ray spectroscopy
(RIXS) method, a photon-in/photon-out technique (PI/PO).®” It is a powerful spectroscopic
tool for the study of materials due to the two-dimensional data maps and the high resolution in
the energy transfer.

Using RIXS for surface sensitive studies poses a number of great challenges. The most
severe one is that the suitable grazing incidence geometry for surface sensitive measurements
provides only access to the surface by acquiring the emitted fluorescence spectrum. However,
this usually represents only a rough proxy of an actual X-ray absorption spectrum and shows

severe distortions.” This also applies for total electron yield (TEY) measurements. They are
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more surface sensitive due to the small escape depth of electrons of a few nanometers.'”
However, application to in situ catalysis experiments is a challenge as they are performed
through a liquid layer on top of the catalyst surface, which requires sophisticated control of

the layer thickness, e.g. by dip and pull techniques.!

Consequently, distortion-free
fluorescence yield (FY) techniques at grazing incidence configurations are highly desirable
for surface sensitive studies during in situ conditions.

For this study, we have chosen epitaxial (001) oriented Lao.cSro4aMnO3 (LSMO) thin films,
because LSMO is a promising model catalyst for the oxygen evolution reaction (OER)
showing activities close to IrO2 (110) and a high structural stability.>!? For surface reactivity
and catalysis, the Mn 3d-O 2p states from the valence band are most relevant, since they
constitute the bonding and antibonding states between Mn and O atoms in the lattice.
Moreover, they are involved in changes due to bonding of water and reaction intermediates at
the LSMO surface. Our study thus focuses on the Mn-L absorption edge and the related Mn

3d, 3s and O 2p fluorescence channels, which require an energy-resolving detector with high

resolution as provided by the RIXS setup (Fig. 1).
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Figure 1. Schematic of the used RIXS setup (not to scale). The beam divergence of synchrotron
radiation is low and was neglected. The effective divergence to the detector is given by the entrance

slit (i.e. the solid angle of the detector). Further detail may be found in the text.
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Decreasing the angle of incidence a to achieve surface-sensitivity, the photon penetration
depth decreases with sin(a), where a is defined relative to the tangent plane of the surface
(Fig. 1). At a grazing incidence angle of a = 1°, the penetration depth calculated from the
Henke tables? is only 4 nm or 10 unit cells of LSMO.!* The total fluorescence yield (TFY)
and the 3d-partial fluorescence yield (3d-PFY) are the most common techniques for indirect
XAS.'"*15 The TFY is a measure of the entire induced fluorescence under excitation (as
accessible by the used detector), while the 3d-PFY only records the La/B-emission lines of the
3d-2p transition. However, the TFY and the 3d-PFY both suffer from distortions due to
energy-dependent reabsorption and background effects.!®!” The inverse partial fluorescence
yield (IPFY), which probes a non-resonant, energetically lower laying state (here: O 1s), may
not only stem from the oxygen of the sample but also from oxygen of the water layer during
in situ measurements. Thus, all three techniques may not yield undistorted in situ XAS spectra
and must be carefully evaluated. In contrast, the 3s-PFY is hardly distorted by reabsorption as

118

theoretically predicted by Miedema et al.'® and experimentally shown for solutions by Golnak

1.' The main reasons are its small FY due to the small concentration of 3s holes and

et a
negligible reabsorption. In addition, the 3s-PFY exhibits a reduced energy dispersion of the
emitted photons. Since the Mn 3s state is around 60 eV below the Mn 3d — O 2p valence
band, it has a more localized Mn character. However, it is influenced by changes in the
valence band and thus can provide information about surface bonding due to exchange and
charge transfer coupling between Mn 3s holes and Mn 3d states.?® Nevertheless, it has not
been exploited to study surface processes under ambient conditions, in particular the

interaction between an oxide surface and water vapor. A deeper understanding of this

interface is crucial for catalysis of numerous reactions.



EXPERIMENTAL DETAILS

Epitaxial (001) LSMO thin film electrodes were prepared by ion-beam sputtering (IBS). 0.5
wt% Nb-doped SrTiO3; (STNO) (CrysTec GmbH) were used as substrates. The films were
deposited at 750 °C in an oxygen atmosphere of 1.8 x 10* mbar. The prepared films were
kept under preparation conditions for 1 h and carefully cooled down to room temperature,
including a resting point of 30 min at 500 °C to minimize the number of preparation-induced
defects. The film thickness was 80 nm and confirmed by X-ray reflectometry (XRR). These
films are single crystalline showing atomically flat surfaces, where terraces are separated by
unit cell height steps. The films are uniform in structure and chemical composition. More
details can be found in ref. 5.

The RIXS data was recorded at the soft X-ray beamline P04 at PETRA III, DESY in
Hamburg, Germany. The beamline provides up to 10'? photons/s with a beamline energy
resolution of <40 meV at the designated energy range of 630 to 670 eV of the Mn-L edge.
The incident X-ray beam had a spot size of 10 x 250 um? on the sample?! and possessed
circular polarization. The experiment has been performed using the ChemRIXS endstation,
which is a mobile endstation dedicated for RIXS experiments at the PETRA-III synchrotron
and FLASH X-ray Free Electron Laser facility.?»* Four LSMO samples were clamped onto
the x-y-z manipulator of the ChemRIXS target chamber. All measurements discussed here
were taken on the same sample. The energy-resolved fluorescence of the LSMO sample was
recorded via a VLS grating and a 2D X-ray CCD (ANDOR iKon-M with 1024 x 1024 pixels
and pixel sizes of 13 x 13 um?).?? This provides a combined energy resolution of around 970
meV at the Mn-L edge measured after the monochromator and spectrometer. A schematic of
the experimental setup is shown in Fig. 1. The sample was mounted under a glancing angle of

a = 45° and under a = 1° (grazing incidence). The angle between the X-ray source and

detector was fixed at a + B = 90° (B: angle of detection, with respect to the surface). The error
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of o and B was determined to g, g =+ 1°. This changes the X-ray penetration depth normal to

the surface by a factor of ~ 20 from the entire film thickness down to about 4 nm, i.e. 10 unit
cells. Measurements were either performed in vacuum or water vapor provided by a gas
needle connected to a bottle of milliQ water.

RIXS data can be presented as a map of X-ray emission spectra as a function of incident X-
ray energy. In a first step, the RIXS maps were created. The images of the CCD-detector,
each presenting one emission spectrum, were first corrected for the background and freed of
cosmic rays as well as of other artifacts. They were then rotated by 18.24° to align the
monitored emission lines parallel to the x-axis. These images were then integrated normal to
the dispersive axis in order to obtain an emission spectrum at each incident energy. According
to the PI/PO approach, the emission spectra were recorded in steps of 0.2 eV of incident
energy and arranged to complete RIXS maps by ordering color coded XES plots along the
incident energy. Energetically, the emission axes of the RIXS maps were calibrated by
measuring the elastic scattering signal at different excitation energies between 500 and 680
eV, which resulted in a calibration curve that relates the detector pixel number to emission
energy. The RIXS maps acquired for the same experimental conditions were then weighted by
their signal-to-noise ratio and summed up to reduce the noise level. A constant mean
background was afterwards subtracted from such maps. To achieve the PFY spectra, these
RIXS maps were again integrated along the axis of emission energy in an energy window
given by the full width at half maximum (FWHM) of the XES generated by integration over
all excitation energies at the specific transitions and represented over the axis of incident
energy. For the Z-PFY, the emission intensities of all three PFY regions have been summed
up. The experimental and simulated 2-PFY, 3d-PFY and 3s-PFY spectra were normalized via
subtraction of the average between 634 and 638 eV, followed by division of the average

between 658 and 670 eV (665 eV for Z-PFY). The IPFY spectra were normalized by
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subtraction of the average between 635 and 638 eV as well as division by the average
between 658 and 665 eV. The energy ranges for normalization were different to reduce the
influence of spectral noise on the normalization procedure. An alternative normalization using
subtraction and division of linear functions was explored for the simulated IPFY because the

background signal before and after the edge is not constant (Fig. S1).

THEORETICAL BASIS AND SIMULATIONS

Theoretical Background of the Fluorescence Yields

The processes of absorption and fluorescence for the excitation of LSMO at the Mn-L edge
are visualized in Fig. 2. From bottom to top, different electron orbitals are shown for LSMO,
either as sharp lines (Mn 2p and O 1s) or as (slightly) dispersed bands (Mn 3s, Mn 3d/O 2p).
Due to the hybridization of Mn 3d and O 2p states these orbitals are represented as one band,
filled up to the Fermi energy (£F). The possible excitations at the Mn-L edge are shown on the
left side (Fig. 2a). The possible decay channels of electrons into the created core holes which

can generate fluorescence are shown on the right (Fig. 2b-e).

a) X-ray absorption b) Z-PFY
A
A L ¢) 3d-PFY d) 3s-PFY e) IPFY
Ef
Mn3d/02p
§ Mn 3s
[
{=
w
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Figure 2. (a) Scheme of resonant X-ray absorption (XA) processes at (i) the Mn-Ls and (ii) the Mn-L, edges,
where a 2p core electron is excited to an unoccupied 3d orbital. Also shown is (iii) a non-resonant absorption
process at the O-K edge where an electron in a Is state is excited to an unbound state, i.e. vacuum. (b)

[lustration of various decay channels contributing to the total fluorescence yield. The core holes generated
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during XA can be filled (c) by transitions from Mn 3d to Mn 2p orbitals (3d-PFY); (d) by transitions from Mn 3s
to Mn 2p orbitals (3s-PFY); or (e) by transitions from O 2p to O 1s orbitals (IPFY). These transitions cause

fluorescence emission whose yield is detected. Energetic differences are not to scale.

The absorption of soft X-rays in LSMO generates holes in the core states (Fig. 2a). Three
processes are relevant to the discussion herein: (i) the resonant dipole transition of an electron

from a Mn 2p?

orbital to a partially filled Mn 3d orbital corresponding to the Mn-L3 edge;
(ii) the resonant dipole transition of an electron from a Mn 2p'/? orbital to a partially filled Mn
3d orbital corresponding to the Mn-L» edge; and (iii) the non-resonant transition of an
electron from an O 1s orbital to an unbound state, i.e. vacuum, which corresponds to XAS
above the O-K edge. The transition energies of processes (i) and (ii) differ due to spin-orbit
splitting of the 2p orbital with the total angular momentum quantum numbers j = 3/2 and 1/2.
Furthermore, the Mn 3d orbitals are hybridized with O 2p,* which we will not state explicitly
unless required for discussion. The electron holes in all three core levels can be filled by
various radiative processes where the generated X-ray fluorescence is measured by X-ray
emission spectroscopy herein (Fig. 2b-e).

The so-called fluorescence yields (FY) are distinguished by the involved transitions.
Without discrimination of the radiate decay channel, i.e. without an X-ray emission
spectrometer, the total fluorescence yield (TFY) is obtained. Since each type of detector picks
up all possible decay channels (also of all other elements) with different efficiency, it depends
on the used detector. Here, we use the X-PFY (Fig. 2b), which we define as the sum of the
three detected partial fluorescence yields (PFY). This definition excludes noise and artefacts
such as “bleeding” from the obtained XAS spectra and was thus used instead of all detected
emission energies (compare VLS-TFY and Z-TFY in Fig. S2). The 3d-PFY is caused by
resonant transitions from Mn 3d orbitals to the Mn 2p core holes (Fig. 2c), while the 3s-PFY
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is caused by resonant transitions from Mn 3s orbitals also to Mn 2p core holes (Fig. 2d). Thus,
both PFY are proportional to the number of created core holes in an ideal case, which makes
them also indirect measures of the XA. The fluorescence can also be detected non-resonantly,
as is the case when the emission due to the transition from O 2p orbitals to O 1s core holes are
probed at excitation energies near the Mn-Ls 2 edges (Fig. 2e). Achkar and coworkers'” found
that probing this FY shows minima where the 3d-PFY (and also 3s-PFY) has maxima. The
inverse partial fluorescence yield (IPFY) can be measured non-resonantly at any emission line
below the one of interest, here oxygen, and is thus also an indirect measure of the XA.
However, it measures the attenuation length in the probed material rather than created core
holes.”

The spectral shape of the Mn-Ls2 edges gives valuable insights into the electronic band
structure of LSMO but requires elaborate theoretical treatment for quantitative discussion.
Here, we discuss the effects qualitatively. In 2p®3d* to 2p°3d° transitions at the Mn-L3 2 edges,
the states of two partially filled shells strongly overlap, and thus many body effects have large
impact on the spectra. Changes in the electronic band structure of the Mn 3d bands due to
spin, spin orbit coupling, doping, ligand symmetry and Mn-O hybridization are reflected in
the spectral intensity of the Mn-L32 edges only indirectly. Some information can be extracted
from changes of the L3/L2 ratio, where a 2:1 relation is expected from the manifold of the jm
sublevels in a single electron picture.?® However, this ratio is modified due to crystal field
splitting and spin orbit coupling of the 3d electrons and depends on the 3d" filling, as
described by crystal field multiplet theory.?’ The determination of electronic properties of Mn,
such as formal valence state, thus requires a careful analysis of the distortion effects due to
measurement geometry, energy dependent extinction length, self-absorption of fluorescence

radiation and backgrounds from nearby absorption edges.
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The Fluorescence Equation and its Low-Absorption Limit

In order to determine the origin of the deviations between the actual XA and PFY spectra,
one has to analyze the different excitation processes due to absorption of X-ray photons (Fig.
2a). The relevant energy range is 635-665 eV for the Mn-L3> edges to see changes of the
absorption of Mn 2p electrons. Absorption takes place resonantly at the Mn-L edge but also
non-resonantly due to transitions of other elements. Since the fluorescence of the non-
resonant transitions can be energetically much lower, here O-Ka = 524.9 eV, also energies
below the Mn-L edge have to be considered as contributing to the background. For XAS in
transmission geometry, the intensity of the transmitted X-rays depends on the energy-
dependent absorption coefficient y(E) and the sample thickness as described by the Beer-
Lambert law. In contrast, the degree of absorption is measured indirectly via the fluorescence
radiation for PFY measurements (Fig. 2c-e). In this case, the generated fluorescence radiation
has to pass different distances through the sample back to the surface before it is emitted from
the surface and recorded at the detector. Certainly, the exponential dependency of the Beer-
Lambert law also holds for the reabsorption of the fluorescence photons along the length of
the emission path out of the sample. Therefore, the resulting Beer-Lambert like law for the
emitted fluorescence intensity IX(E) of the transition of interest X as a function of incident

energy E needs to take into account both effects and is given by:'®

A M}g(E)
I1*(E) = n—— wx (Ef, E) —— :
4mr? Heot (E) n Heot (Er)
sina sinf

Iy (E) (1)

d d
1—exp _a#tot(E) — W#tot(Ef)
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Here, 7 is the efficiency of the detector, 4 the area which was covered by the detector at a
distance r and wx (Et, E) is the fluorescence yield of the transition of interest. a and S are the
angles of incidence and detection, respectively, both with respect to the surface (as illustrated
in Fig. 1). Io(E) denotes the incident intensity at energy E, Er the energy of the fluorescence
radiation and d the sample thickness. u describes the absorption coefficients with uwr = px +
usc being the total absorption coefficient. usc reflects the background absorption of shallower
core levels, valence levels and other atomic species.

For the discussion of this equation, it can be divided into three factors. The first factor,
nA/(4nr?) wx(Ef;E), describes the fraction of the isotropically emitted fluorescence radiation at
a yield wx(E;E) which is detected at the solid angle covered by the detector. It assumes an
energetically independent characteristic curve #(E) ~ const of the detector, as provided by the
used grating. Furthermore, the fluorescence yield also changes as function of energy?® but
details are unknown for the Mn-L3 > edges. Thus, we treat it to be energy-independent in our
simulations. The last factor of the equation, i.e. /o(E) times the expression in squared brackets,
reflects the Beer-Lambert-like penetration of the incident X-ray photons at energy E and angle
a, and the emission of the created fluorescence photons at energy Er and angle f. The
modifications of the sample thickness via a and B describe the variation of the optical paths in
the sample for the incident and detected fluorescence X-ray radiation, respectively. Since we
are interested in the absorption 4 and can neglect reflections, the degree of absorption is
calculated from the transmitted intensity 7as 4 =1 —T.

The middle factor of Eq. (1) reflects the fraction of the absorption of incident photons at the
transition of interest, X, to the total absorption of incident and fluorescence photons and

weighted over their corresponding lengths of the optical paths in the sample. This can be

ux(E)
Btot(E)+utot(Ef)g

rewritten as with g = % being a geometric factor. In our experiments, the
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detector was mounted perpendicular to the incoming X-rays (Fig. 1). This yields o + = 90°.
For the case with a = f = 45°, this results in g = / (Fig. 3a). For grazing incidence, £ almost
reaches 90° and thus the length of the optical path for fluorescence radiation is minimal (Fig.
3b). In the limit of g = 0 (i.e. @ = 0°), the middle factor is ux(E)/uw:(E). For simplicity,
circular polarized light was used for all experiments in order to avoid further influences of the
different orientations of the orbitals involved in the relaxation processes.'®

For the 3s-PFY, we can make a further simplification, namely the assumption that the
escape depth of the involved x-ray photons is very small and thus d = 0. Since only a low
fraction of electrons occupy this decay channel, the reabsorption of the 3s fluorescence due to
3s holes is negligible. Therefore, the exponential part of Eq. (1) depending on d can be

expressed as a first-order Taylor expansion:

exp [_ d (um(E) + l‘tot(Ef))] ~1— (umm + #tot(Ef))‘ 2)

sina sinf sina sin 8

This simplifies the fluorescence formula of the 3s-PFY to:

A

4772

wy (Ep)Io(E) & (3)

b'¢ ~
I"(E) = sina’

which is commonly known as the “thin sample” approximation.”’ The remaining angular
dependence is linear in 1/(sin o), which is canceled out by the used normalization procedure

(details in Experimental section). The resulting normalized spectrum represents the

undistorted uy (E) .

Simulated Fluorescence Yields

Figure 3 presents the results of simulations of equations (1) and (3), in order to understand
and classify the general trends in distortions of the L3> PFY spectra. Details of the simulations
can be found in Table S1 and Fig. S3. Figure 3c shows the simulated spectral changes of the

3d-PFY as a function of the incident angle a based on Eq. (1). When the angle is lowered, the
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L3 and L2 peak amplitudes and the intensity between the peaks are both lowered. Yet, we note
that the L2 edge step was set to zero in all calculations, which means that angles near 90°
actually lead to an increase in intensity between the L3 and L» peaks. The ratio of the
intensities at the L3 to the L2 peak was set to 2.14 for the actual XA spectrum and it decreases
in the simulations from 2.08 at 89° to 1.60 at 45° to 1.25 at 1° (Table S2). No changes with
the angle (L3/L2 = 2.14) are visible for the normalized 3s-PFY (Fig. 3e) as expected from Eq.
(3) and the discussion above. For the IPFY (Fig. 3g), a different behavior can be seen in
simulations based on Eq. (1). First, the intensities increase with decreasing the angle from 89°
to 20° and then they decrease again for lower angles (Table S2). Consequently, the L3/L> ratio
increases from 0.92 at 89° to 2.12 at 20° and slightly decreases to 2.03 at 1° (Table S2). These

changes may be attributed to the normalization procedure (Experimental section and Fig. S1).
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Figure 3. Schematic visualization of the change in measurement geometry from (a) bulk penetration to (b)
grazing incidence for LSMO on a substrate (not to scale). The XAS at the Mn-Ls, edges was simulated for (c,d)
the 3d-PFY, (e,f) the 3s-PFY, and (g,h) the IPFY as a function of the angle of incidence a (left column) and as a

function of background absorption for a = 1° (right column). The absorption coefficient uMn (black lines) was
constructed by adding two Gaussians to the absorption data from the Henke tables’ (Fig. S3). The dashed lines in

panels e and f were chosen to show that all curves overlap. All spectra were normalized as detailed the
Experimental part with the exception of the dotted line in panel g where a linear function rather than averages
were used (see text for detail). The sum of the angles a + B was fixed at 90° in all simulations. The color codes
are here equally for ¢, e and g, as well as d, f, and h, respectively. Simulation parameters are described in Table

S1 and Fig. S3.

The main reason for the strong angular dependence of the 3d-PFY is a strong angular

dependence of the escape depth /r of the generated fluorescence photon with [¢ * sin &, where
ly for LSMO at the Mn -L edge is about 230 nm based on the Henke tables.> A decreased

escape depth for the fluorescence results in a shorter optical path in the sample towards the
detector and thus a decreased degree of reabsorption. This leads to strong distortions for Ey,
where ytot(Ef) is relatively large and strongly influenced by the experimental angles. In Fig.
3¢, the spectra for decreasing a (violet to red) thus appear more saturated.

In addition to the angle-dependent distortion, deviations from the actual XA spectrum may
arise due to the background absorption usc from shallower core levels, valence levels and
other atomic species. In order to analyze this effect, Mn-L3 > spectra with different degrees of
background absorption were simulated (Fig. 3d,f,h). Here, the incidence angle a is kept at 1°
for all spectra. For the 3d-PFY (Fig. 3d) the spectral changes upon varying usc from weak to
strong background absorption are significant. The intensities decrease with lower background
absorption. Also, the edge position (energy at 0.5 a.u) shifts from 10usc to 0.1usc by about

0.8 eV towards lower energies. The Ls/L> ratio decreases from 1.77 at 10usc to 1.06 at 0.1usG
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(Table S2). For the 3s-PFY (Fig. 3f) no changes are visible since it does not depend on the
background absorption (Eq. 2). The IPFY (Fig. 3h) only shows negligible changes between
0.1usc and Susc (L3/L2 ratio of 2.03+0.01) and slightly decreases at 10usc to 1.96 (Table S2)

due to the normalization procedure.

RESULTS AND DISCUSSION

The experimental verification of the simulated trends requires sufficient emission energy
resolution of the recorded RIXS map to distinguish the spectral features. Figure 4 shows a
typical RIXS map of the Mn-L edge of the 80 nm thick LSMO film. It was recorded at an
incident angle of a = 45° and detection angle of B = 45° (Definition of angles in Fig. 1). The

RIXS map was generated from X-ray emission at different incident energies around the Mn-L

edge in steps of 0.2 eV as described in the experimental section.
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Figure 4. RIXS map of the LSMO thin film excited along the Mn-L edge for a = 45° showing all three relevant
transitions marked by white boxes. The intensities are color-coded and were normalized between 1 and 0 (top
scale). The data was smoothed via a Gaussian filter with ¢ = 4 for clarity. The original RIXS map can be found

in Fig. S4.

Although the recorded RIXS map contains richer information, the focus of this work is on
the analysis of the different PFY channels. We start with the analysis of three emission lines
that can be resolved individually, namely the Mn 3d-2p, the Mn 3s-2p and the O 2p-1s
transitions. Appropriate regions of interest (ROI) are defined through FWHM of the XES
(white boxes in Fig. 4). Although the Mn 3s-2p emission is about 13 times less intense than
the Mn 3d-2p emission,?’ it was acquired with a signal to noise ratio and energy resolution
comparable to the Mn 3d—2p transition. Vertical integration of the ROIs and representation
over the incident energy allows the generation of the corresponding PFY spectra. The Z-PFY,
as defined and discussed above, is calculated as the sum of the three ROIs in Fig. 4.

The extracted PFY spectra in Fig. 4 differ from the simulated multiplet features of the X-ray
absorption spectra at 45°, where an L3/L> ratio of about 2.4 is expected for Mn*" and 1.6 for
Mn**.26 The observed ratio decreases from the 3s-PFY (1.96), to the IPFY (1.27), to the 3d-
PFY (0.72), to the X-PFY (0.65). These deviations were also previously discussed in
literature.'®?° Even though the IPFY (turquoise) and the 3s-PFY (green) both were claimed to
give bulk spectra, which are free of distortions,!”!'® their intensities differ significantly at the
L3 edge. Due to the limited energy range before the L3 edge, it was not possible to use a
polynomial background for the IPFY and thus the intensity ratio is additional influenced by
the normalization procedure (Fig. S3). The L3 intensities of the IPFY are also reduced since
the primary contributions to usc stem from heavy atoms (La-N and Sr-M edges) with much

higher photoabsorption cross sections.?
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Figure 5. PFY spectra of LSMO at the Mn-L edges for a = 45°. Distortions of the spectra are most pronounced

in the order of increasing Ls/L, intensity ratio, i.e. -PFY (violet), 3d-PFY (blue), IPFY (turquois) and 3s-PFY

(green).

Figure 6 shows the different PFY spectra at 45° and 1° incident angle in comparison to the
angular dependence from models based on optimized simulations of Eq. (1) and its limiting
case in Eq. (3). The corresponding RIXS maps may be found in Fig. S5. Fits to the 45°
spectra were carried out by modelling the edge jump as arctangent functions and the multiplet
structure of the L3 and L2 edges as two Gaussians (Fig. S3a). These obtained parameters were
used to determine pmn, from which we simulated the spectra at grazing incidence, i.e. at 1°,

using Egs. (1) or (3). Details of the simulations can be found in Table S3.
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Figure 6. (a) Comparison of experimental 3d-PFY at an incident angles o = 45° (purple line) and model (blue
line) together with the undistorted pmn (turquoise line). (b) The same for o = 1° with the same model parameters
varied only by the experimental angles in the fluorescence formula. (c) Experimental data for the IPFY (violet
and green) with their corresponding models (blue and yellow) and pgg (turquoise). (d) Experimental data for the
3s-PFY for a = 45° (violet) and a =1° (green) with the true absorption spectrum (turquoise) and the identical

models (blue). Additional details about the models may be found in Table S3.

The 3d-PFY for a = 45° in Fig. 6a deviates from an ideal undistorted pmn (turquoise).
Furthermore, using pmn(45°) for simulating the variations from a = 45° to 1° according to eq.
(1) in Fig. 6a,b correctly predicts a reduction of the amplitudes but does not match the
experimentally observed peak heights (Table S4). Some deviations may be due to the energy
dependence of the fluorescence yield x(E;E)*® that was not included in the model. The
measured intensities at o = 1° are higher than the simulated ones because the degree of
absorption of s- and p-polarized X-rays depends on the incident angle.>*3! The results show
that the 3d-PFY underlies distortions due to strong angular dependence, which cannot be
described by the fluorescence formula. The L3 edge of the X-PFY is not further considered

due to the strong distortions from its ill-defined background* and particularly the drastically
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reduced L3 edge at 1° (Fig. S2b). Consequently, both 2-PFY and the 3d-PFY are not suitable
for the analysis of surface processes.

For the IPFY (Fig. 6¢), small deviations occur at 45°, particularly after the L3 edge. This is
due to the fact that the complex multiplet structure of each edge is assumed here as a single
Gaussian, which is a strong simplification not accounting for the L2 edge jump in the model.
While the model for 45° (blue) is in a good agreement with the experimental data (violet),
varying only the experimental angles towards a = 1° with all other parameters fixed (yellow)
cannot reproduce the experimental data recorded at that angle (green). The experimental
intensities are strongly decreased relative to the other fluorescence yields at both edges due to
the normalization procedure. The experimental L3/L2 ratio changes from o = 45° to 1° from
1.27 to 1.22, respectively. An edge shift of -0.2 eV occurs.

The 3s-PFY (Fig. 6d) shows no angular dependency in the experimental spectra in
accordance to the simulated spectra as described above. The model of the absorption spectrum
of Mn, umn, (turquoise) is in a good agreement with the experimental data for 45° (violet) and
for 1° (green). The Lis/L2 ratio of the 3s-PFY was identical to that of pwmn, i.e. 2.15, after
normalization. The 3s-PFY thus directly reflects the profile of generated 2p holes below the
sample surface and is a good proxy of an XA spectrum. Also, Miedema et al.'® modelled 3s-
PFY spectra for the transition metals Ti, Fe and Ni, which showed undistorted XA spectra.
Since they simulated linearly polarized X-rays, distortion-free spectra were only observed at
the magic angle of 54.7°, where all polarization directions contribute equally. At this angle,
their result is thus comparable to our study where circularly polarized X-rays were used, for
which all directions also contribute equally. Indeed, the 3s-PFY is not affected by the
polarization angle, due to the spherical symmetry of the 3s orbital. Since the 3s-PFY is also
not distorted by angle-dependent background variations due to other elements such as oxygen

concentration changes at surfaces, it is the most suitable PFY for surface sensitive Mn-L edge
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X-ray spectroscopy studies. There is an edge shift of -0.2 eV at the L3 edge, similar to the
IPFY. Interestingly, the edge shift is not visible in the L2 edge of the 3s-PFY (Fig. S7h). This
may be due to different lifetime broadening of 1.5 eV for the L2 edge, which is much stronger
than the 0.4 eV broadening for the L3 edge.*

LSMO surfaces and subsurface can differ from bulk properties due to two main effects: (i)
Surface reconstruction due to a change Mn-O coordination or octahedral tilting which can
affect the crystal field splitting as well as Mn-O charge transfer;>* and (ii) surface
reconstruction due to the presence of surface or subsurface oxygen vacancies.® Typically, a
shift in XAS towards lower energies is attributed to a reduced state.*>*° Since the spectra
recorded at a = 1° probed only about 10 unit cells of the sample, the observed edge shift in the
IPFY and 3s-PFY may be a hint for a reduced surface and subsurface of the LSMO film
compared to the bulk. Since with the IPFY effectively the penetration depth is probed,? the
reduced intensities under grazing incidence show a reduced oxygen content in the probed
volume. The edge shift of the IPFY to lower energies from 45° to 1° could either be assigned
to Mn reduction based on reference materials*® or to changes in crystal field splitting and
charge transfer.>” From our simulations, an artefact due to angular dependence or background-
dependent distortions of the spectra (Fig. 3g,h) is improbable.

Figures 7 and S6 compare 2-PFY, 3d-PFY, IPFY and 3s-PFY for an incident angle of a =
1° (blue) without and with water. An additional water layer does not change the 3d-PFY (Fig.
7a) and the IPFY (Fig. 7b) but is visible in significant changes in the grazing incidence 3s-
PFY data (Fig. 7¢). In the 3d-PFY, the change of pg;(E) by the additional water layer might
be negligible, because of the large signal to noise ratio. Since the IPFY is non-resonantly
representing a Mn-L edge spectrum, additional water at the surface only gives rise to an
additional O 1s emission of the oxygen in water. This leads to an energy-independent change

of the IPFY over the whole energy range and is thus invisible after the normalization of the
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data. Since the 3s-PFY does not show distortions due to angular-dependent background
changes as mentioned above, it is the most suitable PFY for surface sensitive Mn-L edge X-

ray spectroscopy studies.
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Figure 7. Comparison of the experimental XAS with water vapor (turquoise) and without water vapor (blue) at
grazing incidence of 1° for (a) the 3d-PFY, (b) the IPFY and (c) the 3s-PFY. (d) the Mn-L; edge in the 3s-PFY

mode normalized to the maximum of the Mn-L; edge.

We argue in the following that the changes of the 3s-PFY in Figs. 7c,d due to water at the
surface gives access to water-induced changes in surface electronic states of the LSMO. First
of all, the strong decrease of the overall 3s-PFY intensity in water may be attributed to a
stronger absorption of the surface fluorescence by the water layer (Fig. 7¢). After normalizing
the 3s-PFY spectra to the L3 edge maximum in Fig. 7d, even more pronounced features can be
seen. We focus on the L3 edge since the changes are more distinct due to the smaller lifetime
broadening as discussed above. The low energy shoulder formed at 640 eV for a = 1° in
vacuum is further changed in water. One possible explanation of its increase in intensity in the
energy range between 640 and 642 eV may be a further surface reduction in water. However,
there is an additional small pre-peak at about 638 eV and a satellite feature at 647.5 eV. These
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additional features point to other effects than surface reduction, which change the L3 3s-PFY
spectra in water. A broadening is discussed in terms of a decrease of the crystal field splitting
(10 Dq)*® as well as it can be a fingerprint for an increased ligand to metal charge transfer
(LMCT).?® Furthermore, the satellite feature at higher energies is supportive for a LMCT.** A
decrease of the crystal field splitting is expected at the LSMO surface due to the change from
a pure octahedral coordination with point group On towards a more spherical coordination.?®*°
Indeed, this symmetry reduction is heavily influenced by chemisorbed water, even more if it
induces structural surface disorder. A change in MnOs symmetry and changes in LMCT are
of course strongly interdependent due to the involved changes in overlap between Mn 3d and
O 2p orbitals.

Comparing our results for changes of the LSMO surface in water with literature, the
experimental evidence for an increase in surface reduction of Mn is rather scarce. A careful
study of the same LSMO (001) films before and after oxygen evolution via XPS does not find
any indication for oxygen vacancy formation.’ Despite gradual leaching of Sr and Mn in the
active state of the surface at an applied potential, the surface oxygen concentration remained
constant. Cyclovoltammetry at pH = 13 does not show any surface redox peak in LSMO
indicating Mn surface reduction, as observed in other manganites (e.g. in ref. 40). Post-
mortem transmission electron microscopy (ETEM) studies of the LSMO (001) surface after
electrochemical water oxidation show a stable LSMO surface and no sign of Mn reduction.'?
This observation clearly supports the hypothesis of Mn-O bond changes affecting ligand field
splitting and charge transfer, visible in the 3s-PFY and points against the interpretation of
surface reduction.

The presented indirect XAS study of a LSMO (001) surface demonstrates that it is possible
to study surface processes, also under in situ conditions by grazing incidence XAS using a

highly resolving RIXS spectrometer. The observed IPFY and the 3s-PFY edges shift towards

-3 -



lower energies for proceeding from bulk to surface sensitive measurement geometry is
consistent with a reduced surface state of the pristine LSMO (001) film due to surface oxygen
vacancies, since satellite features in 3s-PFY are absent. For measurements with an additional
water layer, only the 3s-PFY shows significant changes, since the IPFY only monitors an
energy independent background from water oxygen. In contrast, the features in 3s-PFY
suggest the change in Mn ligand bonding due to the presence of water on the LSMO surface,
consistent with the observation of disordered surface Mn, due to partial solvation. Therefore,
we emphasize the improvement of soft X-ray spectrometers, especially considering the

capability of recording separated and highly resolved IPFY and 3s-PFY for in situ studies.

CONCLUSION

We studied the differences of four soft PFY techniques with respect to surface-sensitivity
and under in situ conditions at the Mn-L edge of a model catalyst. The spectra of the 3d-PFY,
IPFY and 3s-PFY under ex sifu conditions are well simulated, using the fluorescence formulas
in Egs. (1) and (3). All PFY methods are capable of resolving surface-sensitivity when
changing the incident photons to grazing incidence, even though the changes were most
pronounced for the IPFY and 3s-PFY. Moreover, only the 3s-PFY is independent of the
polarization angle due to the spherical symmetry of the 3s orbital. Thus, the 3s-PFY is most
capable of resolving surface processes under in sifu conditions. In contrast, the X-PFY and the
3d-PFY heavily suffer from distortions due to energy dependent self-absorption of the
fluorescence radiation leading to an increased background. The IPFY yields surface sensitive
electronic information but is less suitable for in situ studies since it also probes the water
oxygen as a constant background contribution. The analysis of 3s-PFY in grazing incidence
geometry without and with water gives access in changes of surface electronic states of Mn

atoms and their bonding to oxygen.
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Our data gives strong evidence for changes in ligand symmetry and charge transfer to
oxygen atoms in water due to water surface adsorption. Our work thus demonstrates the
feasibility of in situ 3s-PFY to probe surface processes, which is crucial for, e.g., corrosion or

catalysis.
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