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X-ray linear dichroism and X-ray birefringence microscopy are yet to
be fully utilized as instruments in the microstructural characteriza-
tion of crystalline materials. Here, we demonstrate analyser-free
X-ray linear dichroism microscopy using spectroscopic hard X-ray
ptychography. First experiments enabled a spectroscopic and micro-
structural characterisation of polycrystalline vanadium pentoxide on
the nanoscale, outside of diffraction-contrast based methods.

X-ray linear dichroism-'"> and X-ray birefringence microscopy®™®
measure local changes of a material’s refractive index as a
function of incident beam polarization and energy. These
measurements are commonly conducted in the vicinity of or
across an X-ray absorption edge or resonant energy, associated
with a chemical element of the material.® Probing the spectral
response of this element at multiple polarization states of the
illumination allows the extraction of local orientational proper-
ties, e.g. bond anisotropies.>® This is possible as near-edge
spectra, frequently the pre-peak region, are sensitive to the
coordination geometry of the chemical element relative to the
electric field vector of the illumination." Or in other words
the sample-relative linear polarisation state of the illumination.

This polarization dependency, similar to the optical polar-
ization microscope,'® allows in the case of materials with a
net-orientation or anisotropy, e.g. most non-cubic and some
cubic crystalline materials, the characterisation of crystal
grains (CGs) within polycrystalline, composite or hierarchically
structured materials.>*®” Characterisation here refers to shape
and size determination of grains, as well as unique orientation
determination®” when extended to vector tomography.'* Yet,
such microstructural characterisation is hardly ever performed
using X-ray microscopy modalities based on a linear
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polarization imaging contrast (PIC). Such limited use compared
to diffraction-contrast-based methods is largely a result of three
factors. One being the commonly weak signal emergent from
linear polarization mechanisms, leading to strict signal-to-
noise ratio requirements for measurements. Two, existing
high-resolution implementations require intricate sample pre-
paration, e.g. approaches based on photoemission electron
microscopy operate at low X-ray energies and require thin, flat,
and surface conductive samples.>™ Three, other implementa-
tions require either a polarizer-analyser setup or extensive prior
knowledge of the specimen.®"?

Here, we demonstrate the utilisation of a linear polarization
imaging contrast in an analyser-free spectroscopic X-ray pty-
chography framework and show how it can lessen the restraints
posed by existing PIC microscopy methods. X-ray ptychography
is an imaging technique that combines scanning transmission
X-ray microscopy with lensless computational imaging.'*'*
Ptychography allows the retrieval of the complex-valued trans-
mission function of the imaged sample, i.e. images of both
absorption and phase contrast are obtained. The spatial resolu-
tion of these images is in theory limited only by the detectable
angular extent of the specimen-scattered intensity.'*'* Cur-
rently attainable are images below 10 nm spatial resolution'?
with an apparently improved signal-to-noise ratio compared to
conventional X-ray microscopy methods.

In these first experiments we characterized the spectral
response of vanadium pentoxide (o-V,Os) grains to mutually
orthogonal polarization states, ¢ = 0° and ¢ = 90°. Two ptycho-
graphic image series, one per polarization state, were acquired
across the vanadium K-edge, 5460-5520 eV, with a maximum
step size of 1 eV. Fig. 1a displays the corresponding analyser-
free “PIC-Ptychography” acquisition scheme. Using Fourier
ring correlation, the full-period spatial-resolution of individual
ptychographic image reconstructions was estimated to be
110.4 nm for the phase component and 183 nm for the
absorption component. The spatial resolution of the complex-
valued image is 119.2 nm. For further details, regarding acqui-
sition, image reconstruction and resolution evaluation please
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Fig.1 Linear polarization dependent X-ray ptychography of a vanadium
pentoxide crystal. (a) Schematic representation of PIC-ptychography data
acquisition. Using monochromatic, coherent X-rays of fixed linear polarisa-
tion, two hyperspectral ptychographic image series were acquired across
the V K-edge (5460 to 5520 eV). Following the acquisition of the first series
the sample holder was azimuthally rotated from, ¢ = 0 () to ¢ = 90° ()
around the axis of beam propagation, to create the required relative change
in incident polarisation state. Shown in turquoise is a 3D Wulff construction
of a vanadium pentoxide (V,Os) single crystal with the provided coordinate
system denoting the main crystallographic axis. (b) Graphical depiction of
V,0s layered orthorhombic crystal structure (), composed of distorted
[VOs] square pyramids. To note is the shorter apical bond (]) of these
pyramids, aligned parallel to the crystallographic c-axis of the crystal (1),
causing an anisotropic electron density distribution and giving rise to the
here utilized X-ray linear dichroism.® (c) Example vanadium K-edge spectra
collected of an apparent single crystal at 0 and 90° sample rotation,
stressing the intensity variation in the pre-edge as well as the location of
study-relevant features (-). Features include (i) the projected refractive index
retrieved from measurements below the vanadium K-edge. (i) Pre-peak
intensity variations reflective of the apical bond orientation at (5468 &
5070 eV). (i) Edge jump magnitude in absorption and negative peak height
in phase to extract local vanadium concentrations.

see the Methods as well as Fig. S1 and S2 (ESIt). For an
animation of the spectral image series at both polarisation
states, please see Movie 1 (ESIT).

Vanadium pentoxide was selected for these initial experi-
ments due to its potential use as cathode material'®'” and
heterogeneous catalyst.'® For both applications, functionality is
dependent on grain size, crystallinity, orientation, and morphol-
ogy of the material. Moreover, the intensity of the pre-peak is
known to be sensitive towards the relative incident beam
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polarisation.”® This sensitivity, as described in Horrocks et al.
(2016), is a result of the layered crystal structure of vanadium
pentoxide.'® Vanadium pentoxide is composed of alternating
and distorted [VOs] square pyramids. By distorted we refer to the
fact that each pyramid possesses a shorter apical V-O bond
compared to the bonds that make up the base of the pyramid."®
Such a vanadium coordination geometry results in a stronger
oxide - X-ray interaction, or pre-peak intensity, when the electric
field vector of the illumination is more aligned with the apical
bond of the pyramids. See Fig. 1b for a graphical representation.

Fig. 1c shows the absorption and phase spectra of a V,0s
crystal at orthogonal polarization states. These spectra demon-
strate the pre-peak sensitivity towards changes in polarisation, a
sensitivity that is visible in both the absorption and the phase
spectra. Further, highlighted in Fig. 1c are study-relevant mate-
rial properties that can be extracted from either of these spectra.
The former being (i) the projected refractive index retrieved from
image reconstructions acquired below the vanadium K-edge,
here at 5460 eV. (ii) The local vanadium coordination geometry
or apical bond orientation extracted from pre-peak intensity
variations. In the phase spectra, the pre-peak centre is located
at 5468 eV. In the absorption spectra, we find the centre at
5470 eV. (iii) Local projected vanadium concentrations retrieved
from either the edge jump magnitude in absorption or negative
peak height in phase after baseline correction.

Provided in Fig. 2 are property corresponding distribution
maps of two polycrystalline V,05 particles, at orthogonal linear
polarization states. Due to the single-component nature of the
sample, (i) projected refractive index and (iii) vanadium-
concentration maps are proportional to each other, i.e. both
are reflective of local integrated thickness variations, and thusly
appear similar to each other. Furthermore, based on the
measured changes in the complex-valued transmission func-
tion and the known sample composition, these properties were
converted to (i) local thickness and (iii) projected vanadium
concentrations. This is shown in Fig. 2a on the example of
phase-based image reconstructions. Moreover, it is evident in
Fig. 2a that the extracted thickness and concentration maps are
hardly affected, as expected, by a relative polarisation change of
the incident illumination.

Fig. 2b shows pre-peak intensity maps of both phase and
absorption contrast after normalization by the integrated vana-
dium concentration. These maps show a substantial change in
the pre-peak intensity distribution as the sample-relative polar-
isation state of the illumination is changed from ¢ = 0° to 90°.
Given the polycrystalline nature of the sample, this polarisation
sensitivity is even visible in a single polarisation-state map, in
which we already see the emergence of spatial domains of near-
equal pre-peak intensity. Considering the vanadium-
concentration normalization, the existence of these domains
can be related to a common orientation of the apical bond and
as such to the crystallographic c-axis of a particular or a set of
V,0s5 grains. A comparison of local pre-peak intensities across
the mutually orthogonal polarization states confirms than that
the observed differences indeed arise from CGs of different
orientation. Note the expected gain or reduction in pre-peak
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Fig. 2 Ptychographic image reconstructions of polycrystalline V,Os
particles at mutually orthogonal polarizations. (a) Thickness and vanadium
concentration maps of two polycrystalline V,Os particles at orthogonal
linear polarization states (¢ = 0° and ¢ = 90°). Maps were extracted from the
phase component of ptychographic vanadium K-edge image series. The
thickness map follows a colour map running from white to black, with black
indicating the thickest part of the sample, the vanadium concentration
colour map runs from blue to white, with white areas indicating areas of
highest vanadium concentration. (b) Pre-peak intensity maps at ¢ = 0° (top)
to ¢ = 90° (bottom) extracted from the same image series. Shown are the
phase (left) and the absorption (right) pre-peak intensity response to
changes in linear polarisation. Pre-peak intensities are normalized to the
vanadium concentration. Pixel size is 48.8 nm. Scale bars are 1 pm.

intensity in selected domains when the linear polarisation is
changed. Other domains, conversely, only show minimal inten-
sity variation, this is expected for several scenarios: one, the
case where the orientation of the crystallographic c-axis is
perpendicular to the imaging plane or at 45 degrees to both
tested polarisation states, two, the potential presence of amor-
phous domains, and three, if multiple randomly oriented
grains are in the path of the X-ray beam. Due to their random
orientation and number, such an ensemble average will exhibit
a lower intensity variation when the sample-relative linear
polarisation state is changed. For example, the pre-peak inten-
sity loss of one grain might fully or partially be offset by the
intensity gain of another or multiple equally illuminated
grain(s) of a different orientation. Importantly, these pre-peak
intensity maps are not only in morphological agreement with
scanning electron micrographs (SEM), Fig. S3 (ESI), but also
partially match the visible grains therein. The partial match in
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Fig. 3 Grain map and local spectral response of polycrystalline vanadium
pentoxide particles. (a) Absorption and phase based grain maps. Maps were
constructed by merging V K-edge pre-peak intensity image reconstruc-
tions acquired at orthogonal polarization states. A bivariate colour map is
used to highlight the alignment of the different V,Os grains, ie. the
orientation of the apical bond of the [VOs] unit, with the incident polarisa-
tions. Note that quantitative angular orientations of the crystallographic
c-axis cannot be obtained with only two polarizations. Scale bar is 1 pm. (b)
Pixel-level X-ray near-edge absorption and phase spectra acquired from a
polycrystalline vanadium pentoxide particle at mutually orthogonal polar-
ization states. A star in (a) highlights the location of the pixel. Spectra are
post-edge normalized and smoothed by 3-point adjacent-averaging.

grain identification is due to the SEM being surface-sensitive
and thereby only probing the outermost or surface-running
grains, while PIC-Ptychography is acquired in transmission
geometry and as such probes the entire sample thickness, i.e.
surface-buried grain boundaries are only visible in the latter.
As shown in Fig. 3a, the acquired pre-peak intensity maps of
both polarisations can be combined to obtain a map of the
dominant CGs in the two-polycrystalline particles. It should be
noted that with two polarizations quantitative orientation maps
of the c-axis cannot be obtained. In the smaller V,05 particle
several surface-running grains are visible in both phase and
absorption contrast. These grains, roughly 200 nm in diameter,
share a common orientation among each other and are most
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likely a result of a secondary nucleation process. The larger
particle consists of multiple nearly micron-sized domains.
While pairs of these domains appear to share a common
orientation, indicative of a preferred crystallographic orienta-
tion, the variation in orientation between these pairs appears
moderately large, which suggests this arrangement to have
originated from particle aggregation during the synthesis or
the annealing process. This grain map is corroborated so far
possible by micrographs acquired with an optical polarizing
microscope, which are shown in Fig. S4 (ESIt).

In contrast to the measured difference in spatial resolution,
grain maps extracted from the phase, shown in Fig. 3a, do not
appear to be significantly improved compared to the absorption.
The basis behind this observation can be seen in Fig. 3b, which
shows pixel-level spectra at orthogonal polarisation states.
Evident in these spectra is that the difference between the
maximum pre-peak intensity in the absorption spectra across
polarisations is nearly twice that of the phase. This suggests the
phase is less sensitive to changes in polarization, similar to the
observation made within the context of X-ray magnetic circular
dichroism (XMCD)."" A second explanation emerges from a
closer look at the phase spectra. The pre-peak in the phase
spectra possesses a larger spread in energy. This spread of the
signal among different energies reduces the maximum contrast
in the current and previous means of evaluation. Such spread
may in the future encourage fitting of the pre-peak to attain a
better result or possibly allow the extraction of secondary infor-
mation from the phase pre-peak, e.g. a more detailed view into
the probed coordination geometry.

In summary, we have introduced a technique for linear-
polarization-dependent nano-imaging. The method uses X-ray
linear dichroism ptychographic-spectroscopy and is analyser-
free. The current demonstration with two polarization states
provides contrast between grains at different crystalline orienta-
tions, but with two polarizations is limited to qualitative grain
orientation maps. Quantitative characterisation and associated
unique mapping of c-axis orientations,” becomes possible with
additional relative orientations of the sample, and possibly the
incorporation of a vectorial ptychography formalism."**%*" The
presented 2D approach will find application, for example, within
an in situ characterisation context of intercalation materials or
energy storage materials.”>** However, to fully exploit the pene-
tration depth of hard X-rays, future efforts are placed in the
combination of PIC-ptychography and computed tomography,
specifically vector tomography.'»>* The associated acquisition of
additional tomographic orientations of the sample allows a
sensitivity to the out-of-plane component in 3D. This combi-
nation would open a new investigative space, in particular for
ptychographic X-ray computed tomography (PXCT) studies for
which large parts of the scientific interest not only stem from
composition and structural variation of the sample, as com-
monly retrieved in PXCT measurements, but also, and addition-
ally, from grain characteristics and their orientational
distribution. Such capabilities would find ubiquitous applica-
tions in biomineral," energy storage,>*® heterogeneous
catalysis,®” and additive manufacturing research.>®
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The raw data can be obtained under DOI: 10.5281/

zenodo.4059817.
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