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Soft x-ray imaging spectroscopy with micrometer
resolution
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Soft x-ray spectroscopy is invaluable for gaining insight into quantum materials. However, it is typically conducted in

a spatially averaging way, making it blind to inhomogeneity in samples. Here, we demonstrate how we couple imaging

to x-ray absorption spectroscopy and resonant inelastic x-ray scattering. Accordingly, we use a 2D detector and an off-
axis Fresnel zone plate that images the sample in one spatial dimension and provides spectroscopic information in the
other dimension. With our setup, we envision to enable a more detailed understanding of how the behavior of micro-
scopic domains determines the functionality of quantum materials.
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1. INTRODUCTION

Functionality in quantum materials is driven by a delicate balance
of contributions from different interacting degrees of freedom:
the electronic subsystem with different spin arrangements, orbital
occupations or charge distributions, and the lattice contributions
[1,2]. This interplay can yield a variety of energetically close-lying
states. Therefore, it is relatively easy to switch between different
states by tuning external parameters such as temperature, pressure,
or chemical composition. Together with chemical inhomogeneity,
pinning centers, crystal defects, or even spontaneously form-
ing phase separation, such an energetic environment is prone to
form microscopic domains with distinct electronic properties.
The macroscopic functionality is a result of the detailed com-
bination of different local situations together with their spatial
arrangement [3].

Some recent work highlights the importance of studying elec-
tronic properties on microscopic length scales to understand the
macroscopic properties. Important spatially varying textures have
been observed in various quantum materials, such as in the high-T.
superconductor HgBayCuOy4,, [4], in the titanate compound
Yo.63Ca37TiO3 [5], and also in vanadium dioxide (VO,), the
well-known material with an insulator—metal transition near room
temperature [6-9].
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Modern soft x-ray spectroscopy methods, such as x-ray absorp-
tion spectroscopy (XAS) and resonant inelastic x-ray scattering
(RIXS), provide a highly selective way to study fundamental prop-
erties of materials [10,11]. However, these methods often do not
resolve microscopic domains in solids. If these methods are applied
to inhomogeneous samples, an average response from all electronic
domains under x-ray illumination is measured. Therefore, it is
highly desirable to achieve microscopic spatial resolutions with
XAS and RIXS. Typically, during RIXS measurements, x-ray
energies emitted from the sample are recorded for a set of incident
energies, which is commonly referred to as “RIXS maps.” Such a
measurement can be parallelized if the set of excitation energies
produces spectra at different positions on a two-dimensional detec-
tor. The most natural realization of this concept is the combination
of spatially dispersed radiation on the sample with an imaging
spectrometer, allowing to record entire RIXS maps of homo-
geneous samples in one exposure. Such a setup additionally allows
studying inhomogeneous samples with high spatial resolution.
Several approaches in the soft [12—15] and hard [16] x-ray regime
have been conceptualized. Most proposed realizations combine
multiple mirrors and a grating.

In this work, we present a RIXS-imaging setup that allows
measuring XAS in partial fluorescence yield and RIXS with a
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spatial resolution down to 1.8 pum over a field of view of nearly
1 mm. Spectral and spatial information is simultaneously recorded
and mapped onto the two dimensions of a CCD detector using
the chromatic imaging properties of a transmission off-axis ana-
lyzer zone plate (AZP). The zone plate is the only optical element
between the sample and detector. Its alignment is straightforward
[17], limited to the one-dimensional positioning of the AZP
along the optical axis to within several hundred micrometers.
The RIXS-imaging concept is based on previous work presenting
considerations concerning the energy resolution of an AZP-based
spectrometer [18] as well as first spatially resolved measurements
[17]. Here, we present an advanced setup that uses a second trans-
mission zone plate upstream of the sample and a substantially
larger sample magnification to achieve a peak spatial resolution
of 1.8 um, and we explain how we are able to record spectral and
spatial resolution within a single measurement. This achievement
paves the way to a more detailed understanding of the behavior of
quantum materials on the microscale [19].

For the use of the RIXS-imaging setup, it is essential to under-
stand the focal properties of zone plates and the behavior of spatial
and energy resolution for energies that are in and out of focus on
the detector. The focal length of a zone plate is approximately
proportional to the diffracted photon energy (see Supplement 1).
To estimate how wide the sufficiently resolved energy range in an
AZDP experiment is, one has to define the accepted limits of spatial
and energetic resolution for energies AE that deviate from the
energy at the optimal focus. This in turn determines the bandwidth
2AF of emitted radiation that can effectively be recorded at the
same time. Setting the AZP to focus the photon energy Ej onto
the detector results in a larger and defocused spot for an energy
E' = Ey + A E.Thespatial resolution on the sample Axsymple and
the energy resolution & £ for a small deviation A E from the focus
energy E are given by

AE M+1
A-X‘Samplf: = w? : M (1)
0
dE="2 . AE. )
r

Here, w = 7oy — 7in is the (radial) width of the off-axis zone
plate, M is the magnification, and 7 = (rou + 7in)/2 is the mean
AZP radius. The derivation is sketched in Supplement 1, which
expands on [18]. For example, when the used AZP is set to focus
Ey=530¢V, for an energy offset of AE =1 ¢V, the spatial res-
olution degrades to 6.2 um, and the energy resolution to 0.94 eV
(see also Table S1). Both values increase mostly linearly for larger
energy offsets. This chromatic defocusing contribution to spatial
and energy resolution adds to contributions from detector, x-ray
beam, the quality and alignment of the zone plates, and, ultimately,
the diffraction limit [18] and becomes dominant for energies away
from the center energy. Close to the focus, we measure a spatial
resolution of 1.8 m (see below), and estimate an energy resolution
t00.35 eV. Applying the formulas in [18] yields a similar result.

2. EXPERIMENT

The measurements are performed using the ultra-high vacuum
endstation MUSIX [20] at the soft x-ray beamline P04 [21] at
PETRA III, DESY in Hamburg. In our RIXS-imaging setup, the
entire dispersed beam provided by the beamline is used to form
a vertical line focus on the sample. Along this line, the sample
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Fig. 1. (A) Schematic experimental setup and (B), (C) determination
of spatial resolution. (A) A linear illumination zone plate and beamline
components are used to create a sub-micrometer-wide and ~970 pum
long x-ray line focus on the sample. An off-axis Fresnel zone plate between
sample and detector images the sample in direction of the focus line and
disperses emitted x-rays in perpendicular direction. (B) Microstructured
VO, on Si3Ny Siemens star sample for spatial resolution characterization
as seen by an optical microscope. (C) The line focus at the highlighted
position in (D) excites oxygen K-edge fluorescence, yielding the shown
image (background subtracted). (D) The vertical focus line is scanned
across the Siemens star in horizontal direction, and the signal is integrated
along the horizontal direction between the white lines indicated at top and
bottom in (C). Scale bars are 50 um.

is imaged and magnified onto the detector. The perpendicular
direction on the detector is used to spectrally analyze x-ray emis-
sion from the sample. The RIXS-imaging setup can be applied
in various modes that require a measurement strategy different
from more conventional setups: (1) for heterogeneous samples and
rather featureless spectra (e.g., fluorescence), the focus line and
an orthogonal unidirectional scan can be used to map the sample
structure; (2) for homogeneous samples, a so-called RIXS map
(inelastic scattering spectra for a set of excitation energies) can
be recorded in-parallel without any scan; (3) for heterogeneous
samples with complex spectra, by scanning the sample surface as
well as the excitation energy, high-dimensional information can be
recorded, as will be described in more detail below. For both spatial
mapping and energy analysis, the horizontal width of the line
focus is required to be very small for optimal resolution. For this
purpose, we refocus the incident x-rays horizontally with a linear
transmission illumination zone plate (IZP) serving as cylindrical
lens (Fig. 1A).

The monochromator of beamline P04 disperses x-rays verti-
cally. We use a 400 line - mm ™" grating with a fix-focus constant
cgof 1.6 [21], yielding a dispersion of 1.25 eV - mm™" in the exit
slit plane at a photon energy of 530 eV. A bandwidth of 3.6 eV
is transported onto the sample, if we open the exit slits as far as
possible (2.9 mm). Importantly, this broad bandwidth does not
affect the RIXS energy resolution in our setup, but provides a range
of excitation energies that can be detected in-parallel and permits
utilizing a substantially higher fraction of the produced photon
flux in comparison to working with a narrow bandwidth. The
refocusing mirrors of beamline P04, located between the exit slit
and the IZP (for clarity, not shown in Fig. 1), demagnify the exit
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slit by a factor of three in the vertical direction. On the sample, the
x-ray line focus thus measures approximately 970 pm vertically.

Horizontally, the refocusing mirrors are set to quasi-collimate
the beam. The IZP has an aperture of 3.8 mm x 1.9 mm (v x h)
and a focal length of 149.3 mm at an x-ray energy of 530 eV (see
also Supplement 1). The first-order diffraction efficiency is around
5%-10%. Nanopositioning stages (SmarAct GmbH) allow for
motion of the IZP in all three spatial dimensions, as well as tilt
around a horizontal axis (perpendicular to the incident beam).
This tilt is used as compensation for the chromatic behavior of
the IZP: when changing the central incident photon energy, the
IZP position along the beam is adapted to keep the focus on the
sample. Two motorized baffles between IZP and sample serve as
order sorting apertures.

In the spectrometer, the use of the transmission off-axis Fresnel
zone plate allows to resolve spatial and spectral information from
the sample at the same time [17,22]. The AZP has a size and aper-
ture of 3 mm x 3 mm. The outer radius and outermost zone width
are 4.7 mm and 35 nm, respectively. At a photon energy of 530 €V,
the focal length is 140.7 mm. The first-order diffraction efficiency
is approximately 10%-15%. The AZP is oriented to disperse
x-rays in the horizontal and image in the vertical (direction of line
focus). Both IZP and AZP are supported by a 100 nm thin silicon
nitride membrane (see Supplement 1). This can cause apparent
spectral variations for measurements in close proximity of the
nitrogen and silicon absorption edges. For such measurements,
puressilicon and carbon-based membranes should be used. Like the
IZP, the AZP is also mounted on 3D nanopositioning stages for
alignment and focus optimization. To focus different parts of the
emission spectrum onto the detector, the AZP is moved along the
sample—detector axis.

The detector is a direct detection CCD camera (Andor iKon-
M) with a pixel size of (13 um)2. The AZP is positioned at an
object distance of 0.15 m and an image distance of 1.725 m,
resulting in a magnification of 11.5. This enables us to achieve
micrometer resolution. The camera is shielded from visible light
with a200 nm thin aluminum filter.

3. RESULTS

We used a Siemens star test structure to determine the overall
spatial resolution of the setup. An optical microscopy image of this
star is shown in Fig. 1(B). The star has a diameter of 500 pm and
72 spokes that consist of an oxide of vanadium (VO,) deposited
on silicon nitride (Si3Ny). During the measurements, the angle of
the sample normal in the horizontal scattering plane is 30° w.r.t the
incident beam and 60° w.r.t the direction towards the detector.

The observed contrast arises from excitation of oxygen K-edge
fluorescence in the VO, containing parts of the Siemens star. With
a beamline energy setting of 533 £ 1.8 ¢V, the entire bandwidth
is above the oxygen K-edge threshold in vanadium oxide. To
obtain a homogeneously illuminated image, no sharp absorption
features should be present in this chosen excitation bandwidth.
The silicon nitride parts remain dark, as shown in Fig. 1(D). The
x-ray line focus extends across the entire Siemens star structure in
the vertical. The sample is scanned in the horizontal with 1000
steps of 250 nm across the inner part of the Siemens star. At every
position, the signal is acquired for 5 s (total measurement duration
approximately 96 min, including overhead). Figure 1(C) shows a
typical detector image of the fluorescence signal. The structure of
the spokes is clearly visible. We highlight a region of interest, which
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Fig. 2. Three-dimensional data set recorded in one monochroma-
tor scan and corrected for spaceenergy coupling. The microstructured
sample, a group of three thin-film VO, squares with an edge length of
30 pm, is imaged along one dimension (here, ). Spatially resolved x-ray
emission is recorded in-parallel (x, y plane), while the incident energy (z
axis) is scanned. Shown are projections of the 3D data onto each plane,
representing traditional RIXS maps (incident versus emitted energies) on
the x, z plane, spatial maps of absorption spectra in the y, z plane, and
spatial maps of emission spectrain the x, y plane. Isolines and surfaces for
a relative intensity of 70% are shown, respectively, as a black line on the
projection planes and in a pseudo-3D representation.

is set around the best focus on the detector. The signal within this
area is averaged along the x direction, yielding the signal for that
particular position of the x-rays on the sample {see the dotted line
in the reconstruction [Fig. 1(D)]}. This procedure is repeated for
every position of the x-ray line focus on the sample resulting in the
final reconstruction [Fig. 1(D)].

Fourier ring correlation [23,24] is used to determine the spatial
resolution of the RIXS-imaging setup. The correlation of spatial
frequencies from two independently recorded images is quantified,
and the crossover between signal and noise is determined. The
obtained frequency corresponds to a spatial resolution of 1.8 pm.

Having established micrometer spatial resolution, we acquire
RIXS maps from a sample that consists of a 50 nm thin VO, film
on an Al,Oj substrate. The film is structured into squares with an
edge length of 30 pm in groups of three with 10 pm spacing within
the group and 90 pum spaces between groups. Consequently, the
x-ray line focus extends over multiple microsquares in vertical
imaging direction.

The monochromator is scanned across the oxygen K-edge
excitations in VO, from 527 to 536 eV. Because of the bandwidth
of £1.8 ¢V, this scan has the effect that every point on the sample
is illuminated by x-ray energies between 527 ¢V + 1.8 ¢V and
536 eV — 1.8 eV. Each recorded image contains spectral infor-
mation of the emitted radiation in the horizontal (coordinate x).
The signal in the vertical direction (along the focus line) originates
from different positions on the sample (coordinate y), each excited
by a slightly different incident energy, due to the monochromator
dispersion.

The resulting dataset contains emitted intensities as a func-
tion of three coordinates: for every monochromator setting, one
x, y-detector exposure is recorded. Accounting for the beamline
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Fig.3. (C), (D) RIXS maps created from an ~11 pm (in the imaging

dimension y) wide spot on a VO, thin film using an analyzer zone plate.
(A), (B) RIXS spectra can be obtained by making cuts at fixed incident
energies. For the acquisition of (A) and (C), the zone plate focuses elastic
emission and moves along with the incident energy. For the acquisition of
(B), (D), and (E), the analyzer zone plate focuses the constant-energy fluo-
rescence emission. The trapezoid shape in (C) results from the corrected
change of zone plate dispersion. (E) An absorption spectrum is obtained
by averaging emitted energies.

dispersion, the vertical spatial sample coordinate y can be decou-
pled from the incident energy axis z. To visualize the corrected
dataset, Fig. 2 shows the three projections of this 3D data onto 2D
planes, as well as a 3D-isosurface of 70% relative intensity. RIXS
maps showing x-ray emission depending on incident energy can
be extracted from different positions of the illuminated sample by
slicing this data set in the x, z plane. Furthermore, x, y and y, z
slices, respectively, show the spatially dependent x-ray emission and
partial fluorescence yield absorption data. In Fig. 3, RIXS maps
taken from the center of the microsquares are shown. To increase
statistics, the signal is averaged over ~11 pm on the sample.

As already discussed above, the use of the AZP has the con-
sequence that only a limited range of the emission spectrum is
sufficiently focused at a time. For example, accepting a minimum
energy resolution of 500 meV allows to use an emitted energy
bandwidth 2A E of approximately 1060 meV [see Eq. (2)]. To
cover a larger emission energy range, the longitudinal AZP position
needs to be adapted. This behavior necessitates different strate-
gies when recording RIXS maps with the RIXS-imaging setup:
focusing on fluorescence features at constant emission energy
requires that the AZP is kept at a fixed position (Fig. 3D). To focus
on constant energy transfer features instead, the AZP is scanned
along with the incident energy, as shown in Fig. 3(C) for elastic
emission. In the latter case, the movement is necessary to adapt the
focal length of the AZP to the scanned incident energy. A conse-
quence of the AZP movement is a change in its dispersion, which is
compensated for in the data analysis (Fig. 3). Acquisition times for
the data shown in Fig. 3 are discussed in Supplement 1.

The strategy to measure RIXS maps with the RIXS-imaging
setup is different compared to conventional grating spectrome-
ters, where a full RIXS spectrum from one point on the sample
is measured without any scan and a RIXS map is recorded when
scanning only the monochromator. With our setup, the strategy
of acquiring a complete (one-dimensional) RIXS spectrum (at
fixed excitation energy) in focus requires the AZP position to be
scanned. However, this directly yields a full RIXS spectrum for
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every point on the sample, coupled to slightly different excitation
energies (2D information). Measuring a 2D RIXS map with a large
range of emission energies in focus therefore requires an independ-
ent scan of the monochromator and the AZP focus, which in turn
directly yields 3D information, i.e., full RIXS maps for all positions
along the illuminated part of the sample. The full advantages of
parallelization in our setup are realized when RIXS maps for each
point on the sample are to be recorded within a small range of
emission energies. For such a scheme, the AZP can be kept fixed,
and only the monochromator needs to be scanned.

Comparing the transmission zone-plate-based setup to reflec-
tion grating spectrometers, the performance parameters are quite
similar: diffraction efficiencies can be optimized for both transmis-
sive and reflective optics for certain energy ranges and are typically
on the order of 10%—20% across the soft x-ray range. The achiev-
able energy range is determined largely by the mechanical degrees
of freedom. While reflection gratings are often corrected for optical
aberrations within a limited energy range, the transmission zone
plate is in principle a perfect optic and thus is not limited in the
energy range. Practically though, the entrance and exit arm lengths
as well as magnification considerations limit the range similarly.
The collected solid angle of our AZP setup is 4 x 10~ sr, which
compares with grating collection angles on the order of 4 x 107 sr
[14]. We stress though that our setup is very forgiving towards
angular misalignment of several degrees, while reflection gratings,
typically operated at about 2° grazing incidence angle, are very
sensitive in this respect [12—-15].

Odur setup aims at a parallel acquisition at the cost of the nar-
rower emission energy bandwidth that is properly imaged on
the detector. In the future, this bandwidth can be increased by
using a radially smaller AZP (at the expense of acceptance angle).
For instance, reducing the zone plate width from the present 3
to 1.5 mm while keeping the outer radius fixed would result in a
substantial reduction in average energy, broadening from 0.94 to
0.37 eV per 1 eV deviation from the energy that is focused (i.e., to
about 40%), whereas reducing the size of the aperture of the zone
plate reduces the accepted solid angle only to 50%. Depending on
experimental requirements, an optimization is possible and can
also be chosen 77 situ with movable apertures close to the AZP.

4. SUMMARY

In summary, we demonstrate RIXS measurements with a spatial
resolution down to 1.8 um with our RIXS-imaging setup based
on an off-axis Fresnel zone plate. This measurement technique
provides the additional ability to utilize the entire dispersed undu-
lator harmonic without compromising the energy resolution of the
spectrometer. As opposed to conventional spectrometers, we can
use an x-ray focus line of nearly 1 mm length for efficient in-parallel
recording of spatial and spectral information while maximizing the
photon flux on the sample and partially compensating for naturally
low soft x-ray RIXS cross-sections.
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