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Abstract

The detection of inelastically scattered soft x-rays with high energy resolution usually requires large
grating spectrometers. Recently, photoelectron spectrometry for analysis of x-rays (PAX) has been
rediscovered for modern spectroscopy experiments at synchrotron light sources. By converting
scattered photons to electrons and using an electron energy analyser, the energy resolution for
resonant inelastic x-ray scattering (RIXS) becomes decoupled from the x-ray spot size and
instrument length. In this work, we develop PAX towards high energy resolution using a modern
photoemission spectroscopy setup studying Ba,Cus;O4Cl, at the Cu L;-edge. We measure a
momentum transfer range of 24% of the first Brillouin zone simultaneously. Our results hint at the
observation of a magnon excitation below 100 meV energy transfer and show intensity variations
related to the dispersion of dd-excitations. With dedicated setups, PAX can complement the best
and largest RIXS instruments, while at the same time opening new opportunities to acquire RIXS
at a range of momentum transfers simultaneously and combine it with angle-resolved
photoemission spectroscopy in a single instrument.

1. Introduction

Resonant inelastic x-ray scattering (RIXS) has become a prime spectroscopic tool for the study of low-energy
elementary excitations, including phonons and magnons [1, 2]. Through the use of x-rays, core-hole
resonances can be exploited to selectively probe the active site in complex materials [3]. The sufficiently large
momentum of x-rays allows mapping the dispersion of collective excitations [4—8]. By exploiting the photon
polarization, symmetry properties of excitations can be analysed [1, 9—13].

However, achieving competitive energy resolution to resolve these phenomena at soft x-ray resonances
remains challenging and requires special developments in monochromator beamlines and spectrometer
instruments with state-of-the-art gratings, stable mechanics and advanced detectors [14-21]. Further
resolution improvements are reaching technological limits in many components simultaneously. Current
record resolution is achieved with spectrometers so large that they extend into annex buildings of
synchrotron experimental halls [16, 17, 20].
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In this work, we realize a different approach to high energy resolution RIXS termed photoelectron
spectrometry for the analysis of x-rays (PAX). Competitive energy resolution with good signal levels is
achieved in a compact instrument with a clear path for improvements beyond current records. Our setup
also offers the advantage of simultaneous detection of a range of momentum transfers. Furthermore, the
instrument can be easily adapted to perform angle-resolved photoemission spectroscopy (ARPES) as another
very powerful x-ray spectroscopy technique, e.g. for quantum materials research [22-25].

The idea behind PAX is to convert x-ray photons scattered from the sample into photoelectrons, which
are subsequently detected using a photoelectron spectrometer. This technique was pioneered more than
50 years ago [26—28] and has recently been rediscovered for the measurement of RIXS [29, 30]. Scattered
x-ray photons are converted into photoelectrons in a specially selected material which ideally shows sharp
and intense photoemission lines. According to Einstein’s formula E\;, = hv — E}, — ¢, the resulting electron
kinetic energy Eiin, is a direct measure of the x-ray energy hv as well as the electron binding energy E;, in the
converter for a material with a given work function ¢. The measured electron spectrum (the PAX spectrum)
is thus a convolution of the RIXS emission spectrum from the sample and the photoemission spectrum of
the converter. Rigorous characterization of the converter spectrum under identical measurement conditions
makes it possible to recover the original RIXS spectrum using deconvolution algorithms.

Using experimental chambers designed for x-ray photoelectron spectroscopy (XPS), previous work [29,
30] has identified advantages of PAX over grating spectrometers: PAX is cost-effective, compatible with
photoelectron spectroscopy, and the energy resolution is decoupled from the x-ray spot size, making PAX
suitable for experiments at high-intensity free-electron lasers, where sample damage at small spot sizes is a
severe limitation. In this work, we explore the capability of this technique to achieve high energy resolution
for RIXS experiments and to acquire a significant momentum transfer range simultaneously.

2. Concept

The converter material comprises the core component in our approach and therefore needs to be chosen
with care: When measured under exactly the same conditions as the PAX spectrum, the converter spectrum
contains all resolution-determining terms, and the true RIXS spectrum could in principle be deconvolved to
any energy resolution. However, due to noise in the acquired spectra, the sharpest features in the measured
converter spectrum determine the effectively achievable energy resolution. The converter spectrum
resolution is limited by the lifetime broadening of the observed photoemission lines or temperature
broadening when using the Fermi edge for deconvolution, as well as resolution limits in the beamline and
electron spectrometer. While it is challenging to identify materials with core-level emission linewidths below
100 meV and high photoemission cross-sections in the soft x-ray range [30, 31], using the Fermi edge of
metallic converters can provide energy resolutions limited only by the converter temperature, albeit at rather
low signal levels. Remaining resolution limits are then given by the monochromaticity of the incident beam
(i.e. the beamline, with records in the range of 10 meV at the Cu L-edge [16, 17, 20]), the energy resolution
of the electron analyser (often reaching below 10 meV energy resolution [23, 32-36]) and by the
signal-noise-ratio of the measured data [30, 37]. Resonant excitation of a sample with soft x-rays ejects
electrons via photoemission processes as well as Auger decays of core excited states. Inelastic scattering as
measured by RIXS is a minority process since fluorescence decays of the core excitations are typically less
than one per cent in the soft x-ray range [38]. To detect PAX signals, the overwhelming number of electrons
emitted directly from the sample need to be blocked, while the emitted photons need to be transmitted to a
converter.

In our approach, we integrate the functionalities of blocking direct electrons and converting the RIXS
signal into a single, layered thin-film structure consisting of a support material coated with the converter film
(here, e.g. several nanometres of Ag and Au). The converter faces the electron analyser. The thickness of the
support is chosen such that it provides mechanical stability, blocks the direct electrons and also maximizes
x-ray transmission to the converter film. By placing this device within a few millimetres of the sample, the
collected solid angle for RIXS photons can be maximized.

Photons emitted from the sample in different directions are converted to electrons at different positions
on the converter. By using the transmission mode of the electron analyser, different scattering angles,

i.e. different momentum transfers, can be resolved simultaneously. For example, in our test geometry, the
converter has a diameter of 4 mm and is placed at a distance of 3 mm from the sample. With this setup, we
acquire scattering angles between 122° and 160°.

Below, we present a study of the antiferromagnetic insulator Ba,Cu;O,Cl, (Ba2342), which is
structurally similar to cuprate high-temperature superconductors. The characteristic RIXS spectra of Ba2342
are well-known [39] and show intense and slightly dispersive dd-excitation peaks between 1.5 eV and 3 eV
energy loss, as well as a dispersive magnon excitation up to approximately 300 meV.
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Figure 1. Schematic of the PAX setup implemented into a hemispherical electron spectrometer. Incident x-rays (purple)
scatter (blue) from the sample and are subsequently converted into photoelectrons (red circles) using a transmission converter
consisting of a thin metallic gold or silver layer (yellow). The photoelectron spectra (energy axis E) are measured using the
transmission mode of a hemispherical electron spectrometer that radially disperses electrons according to their energy.
Furthermore, electrons originating from different locations on the converter, corresponding to different scattering angles 26,
can be imaged onto the two-dimensional detector, allowing to record of a range of momentum transfers from x-rays to the
sample.

3. Experimental setup

High-resolution PAX measurements are performed at the soft x-ray beamline P04 of the synchrotron storage
ring PETRA III at DESY using the permanently installed ASPHERE III endstation (see, e.g. [40, 41]),
designed for XPS and ARPES studies. The x-ray beam is monochromatized using a 400 1 mm™! grating and
an exit slit width varying between 20 m and 100 pm. At the entrance of the experimental chamber, the
beam is refocused with Kirkpatrick-Baez mirrors.

The Ba2342 sample, mounted on a special sample holder close to the PAX converter, is kept at
approximately 15 K to 20 K (see figure 1). Electrons are analysed in a VG Scienta DA 30 hemispherical
analyser. The sample was cleaved in air before insertion into vacuum. The surface was oriented such that the
Cu-O planes extended along the sample surface directions and the a-axis of the crystal was in the scattering
plane. The incident photon energy was tuned to the absorption maximum of the Cu L3 absorption edge at
931 eV and the polarization was circular.

Measurements were performed with two different converter designs. For both converter designs, different
beamline analyser settings were chosen as a compromise between the achievable resolution and signal level.
The first configuration used a 200 nm polyimide support and a 10 nm gold film as converting material
grown on a 3 nm titanium buffer layer. We used the Au 4f lines for conversion and employed the following
resolution settings: the beamline exit slit was set to 50 um, yielding a theoretical resolution of approximately
250 meV at the Cu L-edge, and the analyser slit was set to 300 psm, giving a theoretical electron energy
resolution of 150 meV. For the second converter design, we used silver 3d lines for the conversion, which are
naturally sharper compared to the gold 4f lines and could thus enable a more reliable deconvolution to high
resolutions. On a 200 nm aluminium substrate, a 30 nm Ag converter layer was grown on top of a 20 nm
organic buffer layer. The beamline exit slit was set to 20 ym (about 130 meV theoretical resolution) and the
analyser entrance slit to 100 pm, giving 50 meV theoretical electron energy resolution. To efficiently acquire
a sufficiently large energy window over extended times, we set the analyser pass energy to 200 eV and fixed
the central analysed electron kinetic energy.

Panels (a) and (¢) in figure 2 show the measured PAX spectra using the Au 4f and Ag 3d levels. The
results obtained with the gold converter are shown in the figures 2(a) and (b), and those obtained with the
silver converter are shown in the figures 2(c) and (d).
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Figure 2. PAX data and deconvolution results. Results for measurements using a gold converter (panels (a) and (b)) and a silver
converter (panels (c) and (d)). Moreover, panels (a) and (c) depict the measured PAX spectrum (black dots), converter
photoemission used as deconvolution kernel (blue) and reconvolution (red) of this kernel with the spectrum resulting from the
deconvolved RIXS spectra (black lines in panels (b) and (d)). Panels (b) and (d) furthermore show deconvolved Ba2342 RIXS
spectra (black) compared to data taken at the ADRESS beamline [39] (orange). The inset in panel (d) depicts fits to two
Gaussians representing the elastic line (purple) and the magnon peak (green). The RIXS spectra are momentum-integrated
within the momentum ranges that are shown in figure 3, i.e. the data from this work (black) is integrated from 0.227 to 0.467t and
the data from [39] (orange) is integrated from 0.187t to 0.537t (see also supplementary information).

To obtain the pure converter photoemission spectrum, which determines the kernel for the
deconvolution of the PAX spectrum, our test setup allowed for two options: the most efficient is to place the
converter directly in the beam. Besides the obstacle of necessarily attenuating the signal levels by many orders
of magnitude without changing the spectral properties (due to much higher efficiencies of direct
photoemission compared to PAX), this option is further challenged by an intrinsically different geometry
from the PAX measurements, which affects the spectral properties by introducing systematic errors to the
deconvolution. For PAX, the focus of the x-ray beam is placed on the sample, while the focus of the analyser
should be on the converter. In our geometry, the two foci are 3 mm apart, posing a major challenge for the
alignment of x-ray and electron optics, since our test setup was originally not designed for coinciding foci. As
consequence, aberrations can affect the spectra. However, for the described direct photoemission
measurement of the converter, the foci may coincide, changing the optical conditions and altering the
spectral influence of the aberrations thus hampering successful deconvolution. We therefore employ a
different strategy to measure the converter spectrum: Retaining the PAX geometry, we employ an elastic
scatterer close to the sample, so that an unaltered converter photoemission spectrum can be measured
without significant change in geometry. However, the signal level in this case is much lower than in a direct
measurement.

For PAX with the Au converter, we measured the Au 4f 5/, and 4f7/, core-level photoemission spectrum
by illuminating an elastically scattering part of the sample holder next to the Ba2342 sample. For the PAX
measurements, we moved the sample into the x-ray beam. In our test setup with the converter fixed to the
sample holder, this thus moves both components and also slightly changes the converter position towards the
electron analyser, with minor effects on the spectra. The blue line in panel (a) of figure 2 shows the fit to the
converter Au 4f spectrum using two pseudo-Voigt peaks (see supplementary information). The measured
PAX spectra (black dots) show two small and two large, asymmetric peaks. These doublets result from the
convolution of the Ba2342 RIXS spectrum with the spin-orbit split converter spectra. The small peaks
originate from elastic scattering and low-energy transfer excitations of the Ba2342 excitation spectrum, while
the large peaks originate from the dd excitations [39]. The orange line in panel (b) is the Ba2342 RIXS
spectrum as previously published [39]. The black line in panel (b) shows our RIXS spectrum as a
deconvolution of the PAX spectrum. The red line in (a) is a reconstructed PAX spectrum for consistency
check, obtained by again convolving the extracted RIXS spectrum with the converter spectrum. The absence
of deviations within the noise level between the reconstructed PAX spectrum and the measured black dots
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demonstrates that the remaining differences between the extracted RIXS spectra and the true spectra are
beyond the systematic and statistical limits of the current data set.

Corresponding spectra for the silver converter are shown in panels (¢) and (d) of figure 2. A different
Ba2342 crystal was used for these measurements. The observed photon-electron conversion originated from
the silver 3ds/, and 3ds/, levels. The measurement time for all spectra was several hours.

To extract RIXS spectra from the PAX measurements, we use iterative deconvolution algorithms that have
been benchmarked for this purpose in [27, 29, 30]. In order to suppress the artificial amplification of high
frequencies in the process (which would, e.g. exceed the energy resolution limits), the estimated RIXS
spectrum is regularized by convolution with a Gaussian after each iteration (see the supplementary
information for details) [30]. Due to the limited measured energy window, it was challenging to properly
subtract backgrounds from secondary electron scattering, optical aberrations, as well as inhomogeneities of
the analyser transfer function and the detector. Their proper treatment is important for a high-quality
deconvolution. Our procedure to account for these effects is detailed in the Supplementary Information.

We emphasize, however, that we use a deconvolution algorithm that does not require any prior
knowledge of the spectrum. Each intensity point in the extracted spectrum is treated as a free parameter and
the deviation between the measured PAX spectrum and the extracted RIXS spectrum after convolution with
the kernel is minimized. The only external inputs are the regularization strength, which limits the spectral
width of the features to experimentally reasonable values and thus gains physical meaning, and the number
of iterations.

4, Results and discussion

Generally, the main features of the reference spectrum (orange lines in figures 2(b) and (d)) are well
reproduced by the extracted RIXS spectra. As is common in RIXS measurements, the intensity of the elastic
line varies between samples and measurement positions and is found to be more intense from our sample
next to the Au converter. The elastic peak in the measurement with the Ag converter is found to be
asymmetric, which is connected to the magnon excitation in Ba2342 at energies up to approximately

300 meV. The extracted feature can be fitted with two Gaussian peaks shifted by 91 meV with widths of
130 meV (FWHM) for the elastic peak and 205 meV for the energy loss feature, as shown in the inset of
figure 2(d). The absence of this asymmetry in the Au converter data is related to the generally lower
resolution and the stronger elastic line in this data set. Due to the lower resolution and higher elastic line
strength, this feature is not resolved in the Au spectra. In general, spectra after deconvolution can display
unphysically sharp features, sharper than supported by the quality of the measured data.

The general shape of the dd-excitation signatures between 1.5 eV and 3 eV energy loss is reproduced by
both estimated RIXS spectra. However, the deconvolution results in three peaks of decreasing intensity with
energy loss, while four peaks were previously reported [39]. The peak at the lowest energy loss in this report
is less intense, but the other peaks also decrease in intensity with energy loss as in our data.

In the region of charge transfer excitations with energy losses greater than 3 eV, we find spectral weight
from PAX as well as the reference spectrum. While the reference spectrum displays a smooth broad
distribution, the PAX deconvolution concentrates the spectral weight into several sharper features. However,
we note that this energy loss region was not fully covered with both core levels from the converter due to the
small detection window (pass energy), chosen to demonstrate high energy resolution around the elastic line,
and the fixed energy setting used to increase measurement efficiency: The energy loss region of the RIXS
spectrum converted by the Ag 3ds/, peak at 558.5 eV kinetic energy (figure 2(b)) ranges approximately from
—1.5 eV to 10.5 eV, while the RIXS energy loss region converted by the Ag 3ds, peak at 552.5 eV ranges from
—7.5 eV to 4.5 eV. Therefore, the charge transfer region at energies higher than 4.5 eV is only sampled by one
of the two Ag 3d peaks. This, together with the low charge transfer intensity, makes this region susceptible to
generating artefacts during the deconvolution. This effect resulted from the specific settings for this
experiment and can be mitigated by using larger detected energy windows (larger pass energies) or the
scanning mode of the analyser, when larger energy loss regions are of interest. Furthermore, with modern
time-of-flight based electron analysers, a larger energy window can be acquired highly efficiently with
competitive energy resolution.

In this pioneering experiment, we aimed to achieve a high energy resolution in the extracted RIXS
spectrum, beyond the total resolution of the instrument. We therefore kept the regularization strength
slightly lower than suggested in previous studies [30] in order to resolve sharp features. This led to the
successful observation of the magnon excitation also with this method but at the expense of spurious
sharpness in the charge transfer spectral region and uncertainties in the number and intensity ratio of the
main dd excitations. Other reasons for this difference are residual uncorrected background values and slopes,
as well as the limited energy detection window in the fixed analyser setup used.
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Figure 3. Momentum-resolved PAX. (a) Incident x-rays (purple) emit a fan of scattered x-rays (blue) with different wavevectors
(e.g. ki and k) impinging on different positions on the converter, thereby translating momentum transferred from the sample to
scattered x-rays into spatial coordinate on the converter. (b) RIXS data from the ADRESS beamline [38] (left) and RIXS
deconvolved from PAX measurements (right) for a range of in-plane momentum transfers Q). The energy range of the dd
excitations is divided into three regions I, IT and III, highlighted by the green, red and orange shading, respectively. (c) The mean
intensities in the coloured regions of the spectra from the reference and this work (shown in panel (b)) are normalized and
compared. See supplementary information for a more detailed description of the analysis of the momentum-resolved spectra.

Nevertheless, some of the differences between our approach and the reference may not be artefacts of our
procedure, but may indeed be real due to a different sample growth and treatment and a different
measurement geometry as compared to the reference data. Unfortunately, the experimental constraints of
our setup do not yet allow for a more rigorous conclusion, but these ambiguities can be resolved with a
specifically designed instrument that addresses limitations in resolution, avoids aberrations due to different
foci, acquires a larger energy range, and has a more homogeneous transfer and detection function in the
electron analyser.

A major advantage of PAX over RIXS measured with a grating spectrometer is the ability to acquire a
large range of scattering angles simultaneously (see figure 3). In our setup, a scattering angle range from 122°
to 160° is covered, corresponding to an in-plane momentum transfer Q) range from 0.227t to 0.4671, or
about 24% of the first Brillouin zone. To assess this capability, we compare the evolution of spectral weight
within the energy loss region of dd-excitations between reference RIXS spectra [39] (figure 3(b), left) and our
extracted spectra from PAX using a gold converter by dividing the 2D detector image equally into six parts
along the non-dispersive direction (figure 3(b), right). All spectra are normalized to the integrated intensity
within the energy range shown.

The energy loss region is further divided into three characteristic regions between 1.5 ¢V and 2.5 eV
energy loss, indexed I to III. The integral intensity in each region is compared as a function of the
momentum transfer Q) after subtracting the value at the lowest Q| (figure 3(c)). While the intensities in
region I display a decreasing intensity with Q), we observe an increasing intensity with Q|| in region II, and
intensity roughly independent of Q| in region IIL. These trends are qualitatively observed both in the
reference spectra measured with a grating spectrometer in sequential mode (circles) and in our parallel
measurement with PAX (diamonds). We note, however, that our PAX measurement was affected by
aberrations of the analyser imaging, which can be improved in a dedicated setup.

The count rate achieved by PAX is generally in the same order of magnitude as that of traditional
grating-based RIXS experiments (see comparison the detailed in [29]). Specifically, in our test setup, we
needed to confine the x-ray beam with baffles and thus did not use the full flux of the beamline. A count rate
of about 100 counts s~ ! was still achieved. The measurement time for the full momentum range in the PAX
data (figure 3(b)) was approximately 7.5 h that can be separated into the six shown spectra
(75 min/spectrum). This is currently longer than typical RIXS acquisition times of ~30 £ 15 min per
spectrum. However, we would like to emphasize that a dedicated instrument in the future can drastically
reduce the measurement time. With a momentum microscopy-type electron spectrometer, the transmission
can be increased by more than one order of magnitude [42].

5. Conclusion and outlook

In summary, we experimentally demonstrate the conceptual capabilities of PAX to achieve high energy
resolution for RIXS at competitive signal levels using a repurposed test setup. Furthermore, the simultaneous
momentum-resolved RIXS acquisition of relevant ranges of momentum transfers presents a step beyond
grating-based scattering experiments. With this data set, we provide a compelling case for investing in a
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dedicated setup that will overcome current limitations and provide an instrument with energy resolution
and efficiency at least competitive with large grating spectrometers at a much smaller size and cost. Such a
setup can naturally also be used for modern electron spectroscopy, such as ARPES. In a dedicated setup,
electron spectrometers with energy resolution better than 5 meV at soft [23, 32] and approximately 40 meV
at hard x-ray photon energies (6 keV) [43] can be exploited together with high efficiency detection of large
energy windows [42]. In combination with a sample environment optimized to accommodate both the
sample and the converter and a highest-resolution beamline, comparable to current world-leading RIXS
beamlines reaching below 30 meV resolution at the Cu L-edge, this provides a viable complement at much
smaller footprint. Modern grating spectrometers have virtually reached current technological limitations in
energy resolution, as a result of limits in achievable optics surface quality, stability requirements of the large
spectrometer arm as well as detector spatial resolution [17]. PAX does not face these limitations of the
spectrometer, but can build on developments in electron spectrometers. Achieving this very high resolution
requires the use of converter photoemission from very sharp spectral features, like the Fermi edge of noble
metals at low temperatures. The accompanying loss in conversion efficiency can be compensated by more
efficient modern electron analysers [42].

Furthermore, PAX could potentially also be developed for in-situ and in-operando studies, if the pressure
cell around the sample is designed in a way that the emitted photons impinge on a foil that acts as PAX
converter and separates the high-pressure sample environment from the electron analyser in UHV.
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