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Scientific tasks aimed at decoding and characterizing complex systems and

CCDC reference: 2156936 processes at high pressures set new challenges for modern X-ray diffraction

instrumentation in terms of X-ray flux, focal spot size and sample positioning.
Supporting information: this article has Presented here are new developments at the Extreme Conditions beamline
supporting information at journals.iucr.org/s (P02.2, PETRA III, DESY, Germany) that enable considerable improvements

in data collection at very high pressures and small scattering volumes. In
particular, the focusing of the X-ray beam to the sub-micrometer level is
described, and control of the aberrations of the focusing compound refractive
lenses is made possible with the implementation of a correcting phase plate. This
device provides a significant enhancement of the signal-to-noise ratio by
conditioning the beam shape profile at the focal spot. A new sample alignment
system with a small sphere of confusion enables single-crystal data collection
from grains of micrometer to sub-micrometer dimensions subjected to pressures
as high as 200 GPa. The combination of the technical development of the optical
path and the sample alignment system contributes to research and gives benefits
on various levels, including rapid and accurate diffraction mapping of samples
with sub-micrometer resolution at multimegabar pressures.

1. Introduction

The exploration of systems subjected to high-pressure condi-
tions using a combination of various pressurizing devices and a
great number of sensing techniques has enabled great progress
in the fields of geological and planetary sciences, materials
science, solid-state physics and chemistry. In particular, the
diamond anvil cell (DAC), where two opposing anvils
compress the sample, has been widely used for the char-
acterization of samples in single-crystalline form up to 2 Mbar
(1 bar = 100 000 Pa) (Khandarkhaeva et al, 2020) and as
powders at multiple megabars (Dorfman et al., 2012; Dubro-
vinskaia et al., 2016; Dubrovinsky et al, 2015; Tateno et al,

praseplts Sy 2010). More recently, newly developed DAC designs such as

toroidal anvils (Dewaele et al., 2018; Jenei et al, 2018;

OPEN @ ACCESS McMahon, 2018) and the double-stage DAC technique
Published under a CC BY 4.0 licence (Dubrovinskaia et al., 2016; Dubrovinsky et al, 2015, 2012)
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have reached pressures up to 0.6 and 1 TPa, respectively. In
addition, it has become apparent that the new synthesis
products in high-pressure chemistry experiments can only be
evaluated efficiently if one can map and isolate the grain of
interest from the surroundings, e.g. unreacted precursor
materials, the pressure medium or other products of the
synthesis.

Thus, one of the major challenges of structural studies at
conventional and ultra-high pressures is the reduction of
sample sizes, which often requires probes with very small
beam size and high flux. As X-ray diffraction (XRD) is the
most critical and one of the most powerful probes, the demand
for sub-micrometer X-ray diffraction capabilities has
increased significantly over the last decade. Developments at
large-scale facilities are at the forefront of state-of-art studies
employing small beams and enable the determination of
crystal structures and their evolution under extreme condi-
tions, using either single crystals (single-crystal X-ray diffrac-
tion, SCXRD) [e.g. Bykov et al. (2019), Bykova et al. (2016),
Friedrich et al. (2020), Laniel et al. (2020)] or powders (powder
X-ray diffraction, PXRD, Anzellini et al., 2019; Errandonea et
al., 2020; Kawamura et al., 2002).

Review of the available literature shows that, in comparison
with powder diffraction techniques, high-pressure SCXRD
often provides a more reliable pathway for an accurate and
precise structure solution, although the process of data
acquisition can be more complex. Indeed, sub-micrometer-
sized samples, e.g. synthesized in a DAC after laser heating,
have to stay illuminated by the X-ray beam upon rotation by
£38° or higher angles. At the same time, the signal of interest
should not be spoiled by a possible overlap with other phases,
or grains of the same phase but different orientations. The
centering of micrometer-sized samples requires the imple-
mentation of more precise and accurate sample-positioning
systems on dedicated high-pressure beamlines. Thus, only a
combination of precise motorization with the sub-micrometer
beam capability of the instrument enables successful experi-
ments, significantly improving the quality and usability of
the data.

Here, we report the development of a sub-micrometer
focusing setup on the general-purpose experiment table of
beamline P02.2 at PETRA III, DESY, Hamburg, Germany
(Liermann et al., 2015). The new setup has a sub-micrometer
focusing achieved by compound refractive lenses (CRLs),
supplemented with a phase plate which reduces the spherical
aberrations of the CRLs at 25.6 keV. The implementation of a
correcting phase plate reduces the beam tails at the focal spot
(Seiboth et al., 2017). This new development significantly
improves the capability of the beamline, enabling users to
collect data with a beam size at the focal spot of
0.9 pm x 0.9 um [horizontal (H) x vertical (V) at FWHM]
and a photon flux higher than that without the correcting
phase plate.

In addition, we describe an improved sample-positioning
system with the implementation of a modern air-bearing
rotation stage operating in combination with piezo actuator
XY stages, enabling a spherical confusion of the order of a

micrometer or less and a position accuracy of 0.1-0.2 pm. We
demonstrate the capability of the new setup as an instrument
by performing a test using micrometer-sized single crystals
of CoSb; and (Mg 93Feq,06)(Si1.03,Alo06)O¢ (orthoenstatite)
prepared by the focused-ion-beam technique (FIB). Our
studies, conducted at pressures above 150 GPa, characterize
Fe;O4 and Fe-bearing perovskite Mg (2)F€.00(2)S103
measured in a multigrain matrix after laser-heating in diamond
anvil cells. These state-of-the-art examples highlight the full
potential of the setup with application to high-pressure crys-
tallographic studies.

2. Implementation of CRLs and a phase plate

A detailed description of the Extreme Conditions Beamline,
P02.2, at the third-generation light source PETRA III can be
found in the article by Liermann ef al. (2015). In order to
improve the focusing capabilities of the beamline, e.g.
2 pum X 2 pm obtained using a Kirkpatrick—-Baez (KB) mirror
system, 136 2D parabolic Be CRLs with a radius of curvature
at their apex of 50 pm and a geometric aperture of 360 um
were installed at around 70.5 m from the source for X-ray
diffraction experiments at 25.6 keV. Using the full X-ray
acceptance of the CRLs, a focused beam of 3 ym x 1.2 pm
(H x V) was achieved at a focal distance of 395 mm. Here and
below, the values are reported for the FWHM. In order to
achieve a smaller beam size at the focal spot, we reduced the
incident beam to 50 um x 50 um at the position of the high
heat load slits system (SLT) located in the middle of the
beamline about 35 m from the source [just before the double-
crystal monochromator (DCM) installed at 40.4 m]. Thus, a
small central area of the incident X-ray beam was used for
focusing, resulting in a focal spot of ~0.9 um x 0.9 pm as
determined with sharp-edge scans at the sample position
(scans of absorbing cylindrical rods of 6 mm diameter made
from hardened steel, in the horizontal and vertical directions
in transmission mode).

Unfortunately, the size reduction of the incident beam at
the position of the SLT also resulted in a significant loss of the
focused beam intensity. In order to improve the photon flux at
the focal spot, but at the same time keep the beam size to sub-
micrometer level, we reduced the spherical aberration of the
lenses (Celestre et al., 2020; Seiboth et al., 2016) by imple-
menting a customized phase plate downstream from the CRLs.
Prior to the phase plate production, a stack of 136 lenses was
pre-characterized on the Hard X-ray Micro/Nano-Probe
Beamline P06 at PETRA III via ptychography in order to
achieve optimal lateral coherence in the horizonal direction at
25.6 keV (Falkenberg et al., 2020; Seiboth et al., 2020). The
calculated radial phase shift compensating for spherical
aberrations is shown in Fig. 1(a). A polymer structure with a
height profile that matches the necessary phase correction was
fabricated by a two-photon polymerization method. A cross
section of the 3D model of the phase plate is shown in Fig. 1(b).
The structure was created on a silicon nitride membrane with
a Nanoscribe Photonic Professional GT using a ‘dip-in’ litho-
graphy mode with a 25x objective (numerical aperture NA =
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Figure 1

The correcting phase plate and its design. (a) The phase shift was
quantified for the 136 CRLs on the P06 beamline by means of
ptychography. (b) The corresponding cross section of a 3D model of
the phase plate providing appropriate aberration corrections for this
specific CRL stack. (¢) An SEM image of the phase plate produced on a
silicon nitride substrate.

0.8). Fig. 1(c) shows a scanning electron microscopy (SEM)
image of the phase plate tailored to reduce the characteristic
spherical aberration of the Be CRL stack used on P02.2.
Considering the setup of P02.2, the phase plate was placed
29 mm downstream from the edge of the lens stack installed in
the housing of a V-grooved CRL holder (Lengeler et al., 2005).
The CRL holder provides an inert He environment protecting
the CRLs from oxidation. The phase plate was installed
externally. To align the custom-made correcting phase plate to
the optical axis of the CRL stack in the horizontal and vertical
directions, a motorized positioning system consisting of
2MFA-PP micro-steppers from Newport was mounted on the
CRL V-groove housing. A high-resolution scintillator-based
Optique Peter microscope (PCO.edge 4.2 CLHS camera, 20x
objective, 10 pm thick YAG:Ce scintillator) was used to
observe and control the alignment of the phase plate (Fig. 2).
The lenses of the CRL stack were numbered during our
measurement at P06 and were installed on the beamline in the
same order. This step is important, since the phase shift of
the correcting phase plate was calculated for a specific lens
configuration. After alignment of the CRLs and the correcting
phase plate, further optimization steps were carried out in
search of a compromise between the photon flux and the beam
size at the focal spot. This included iterative adjustments of
the SLT opening and the tracking of the resulting beam size at
the optimal focal spot. We measured the latter by means of

”
phase plate boundary

Figure 2

The phase plate alignment procedure. The phase plate is located between
the CRLs and the microscope installed downstream from the focal spot
position. (a) An image of a defocused X-ray beam without the phase
plate. (b) The phase plate is moving in the field of view, approaching the
central position from the right-hand side. (¢) The phase plate is centered
and the image is produced by subtracting the background, e.g. panel (a),
from the image with the phase plate centered. In the final steps of
alignment and with the sharp edge placed at the position of optimal focus,
we make a small displacement of the phase plate perpendicular to the
incident beam and scan the sharp edge in order to achieve the best
beam shape.

sharp-edge scans at different focal distances. In the end,
the incident beam size at the SLT had dimensions of
~150 pm x 150 pm and the corresponding optimal focal
distance was 400-402 mm (the center of the CRL stack to the
focal point).

By scanning the X-ray beam at the focal spot using an
absorbing edge we measured a transmission curve with a
sigmoid-like shape which corresponds to an edge spread
function (ESF) (Wang et al., 2016, and references within). By
derivation of the ESF we produced a linear spread function
(LSF) response enabling determination of the focal spot size.
In order to assess the situation before and after the installation
of the phase plate, and to take advantage of using the latter,
we collected data which are presented in Fig. 3. For case (i),
the red line depicts the beam shape at the focal spot without
the phase plate and with a smaller opening of the SLT
(50 pm x 50 pum), while for case (ii) the blue line shows the
data with the phase plate installed and a larger opening of the
SLT (~150 pm x 150 pm). Considering case (i), we add that
further SLT opening without installation of the phase plate
increases the focal spot beyond 1 pm. Raw data for the curves
were measured using the same pin-diode acquisition time, so
the installation of the phase plate has produced a gain with a
factor of ~2.2. Comparing cases (i) and (ii), we conclude that
a similar focal spot size in the horizontal direction was
achieved in both cases, including similar or lower beam tail
contributions, but installation of the phase plate enabled a
higher photon flux.

In one of the final steps, the sample stack position was
readjusted in order to bring the position of the sample stack
rotation axis (controlling the sample-to-detector distance,
SDD) into focus. Fig. 4 illustrates the horizontal and vertical
beam profiles in the focal place used for the measurement of
the single-crystal data reported below. The optimization of the
X-ray optical path included the installation of a Pt-based
pinhole, ranging from 15 to 40 um in diameter depending on
the application. The photon flux for the ‘sub-micrometer’
setup at the beam position with a 40 pm pinhole was measured
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to be around 3.7 x 10° photons s~ using a calibrated passi-
vated implanted planar silicon (PIPS) diode.

The opening of the SLT does have several effects on the
X-ray optical path. On one hand, it controls the total energy

Horizontal sharp-edge scan
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Figure 3

A comparison of the horizontal focal size with (blue data) and without
(red data) the correcting phase plate. The curves correspond to the
derivative signal of the sharp-edge scans, the linear spread function
(LSF). Analysis of the curves confirms the similar size of the X-ray beam
in the horizontal direction. Given the same acquisition time per point, the
higher values for the blue data indicate higher flux values for the setup
when corrected with the phase plate. With the phase plate (blue), one can
employ a larger opening of the SLT installed in front of the DCM
position. Implementation of the phase plate enables a higher intensity
X-ray beam while maintaining a small beam size with similar, or even
slightly smaller, beam tails at the focal spot.
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Figure 4

First-order derivatives of sharp-edge scans (LSF) collected during (left)
horizontal and (right) vertical motor movement. The FWHM is shown
together with the corresponding error bar estimates.

dissipating at the DCM crystals (e.g. heat bump, non-ideal
surface of crystals). On the other hand, the closing of the SLT
effectively introduces a secondary source. It is hard to give a
quantitative description of the realistic and non-ideal system,
an analysis of which goes beyond the current publication.
However, we note that, after further opening of the SLT, an
increase in flux by at least of a factor 3-5 was observed. At
the same time, the beam size at the focal spot increased to
13pum x 1 pm (H x V) FWHM. This option may be of
interest to user groups working with low-Z materials, where
the compromise between the illuminating beam intensity and
the beam size at the focal spot is shifted towards the higher
photon flux at the sample position.

3. Sample positioning system with sub-micrometer
resolution

Accurate sample positioning is a crucial aspect of a high-
pressure DAC experimental setup. Along with the improved
focusing, it was necessary to update the existing sample
positioning system (Liermann et al., 2015). We indicate the
new parts in Fig. 5, labelled (1) to (5). An XY PILine piezo
positioning stage (1) and a Plglide RM air-bearing rotation
stage (2) were acquired from Physik Instrumente (PT) GmbH
& Co. They replace the top portion of the standard sample six-

T -

Detector PE XRD1621

(1) PILine X-Y =— M “ ,

(2) rot. Plglide RM air > | =2 —

DAC i«
2%

HPS170Y = @
3] HPSTRDY = <= (4) Micos NPE200

<= (5) Huber 5102.30
<= Aluminium base

Granite Em
base =>!

oy

Figure 5

A schematic illustration of the sub-micrometer motor sample stack.
‘DAC indicates the position of a sample mounted in a DAC. For clarity,
individual components are represented by different colors and are
numbered. The corresponding coordinate system employed at the
beamline is shown at the bottom of the figure. The x axis is collinear to the
X-ray beam direction. The Perkin—-Elmer XRD1621 detector is shown
for reference.

Kinematic stage
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motor positioning system (Liermann et al., 2015). In addition,
we exchanged the motor (3) that controls the position of the
rotation axis and moves it in the horizontal plane perpendi-
cular to the X-ray beam. It was upgraded through an HPS-170
high-precision linear stage also manufactured by PI. The
factory characteristics of these positioning units are listed
in Table 1.

As indicated in Fig. 5, the sample stack is set up on the
kinematic mounting plate. It has three cavities matching the
three ball point joints mounted on the base granite installed
on the beamline. After the installation, the kinematic plate is
fixed to the underlying granite by means of several M12
screws. The change from a standard setup (also based on the
kinematic stage approach) to the sub-micrometer configura-
tion takes a few hours, including motor reconnection and
reconfiguration. Optimal operation parameters of the motors
were determined during the commissioning, e.g. the XY cross-
roller stage was optimized for 0.2 nm reproducibility of
movement. Loading capacities given in Table 1 indicate that
the sub-micrometer sample stack is not compatible with heavy
DAC environments, e.g. a vacuum chamber, which is typical
for the standard setup. However, the sub-micrometer sample
stack can easily hold DACs of various popular designs (e.g.
symmetric, BX90, Boehler-Almax efc.), including a
membrane connected to a pressure controller. The positioning
of the samples by means of the sub-micrometer motor stack is
fully integrated into the beamline software. It is fully
compatible with our standard setup (e.g. synchronization of
sample positions by means of offline and online microscopes
available for users).

Below we discuss the performance of the sub-micrometer
instrument setup from a user’s perspective, with several
examples of single-crystal studies under ambient and high-
pressure conditions.

4. Performance of the sub-micrometer experimental
setup with samples under ambient conditions

Two single crystals with different absorption lengths (high and
low Z) were used to test the accuracy and precision of the
sample-positioning system: orthoenstatite [(Mg;.93,Fe0.06)-
(Siy.03,Al006)Os, Pbca, a = 182391 (3), b = 8.8117 (2), ¢ =
5.18320 (10) A] and CoSbs [Im3, a = 9.0357 (3) A], measured
at Bayerisches Geoinstitute using the eight-position centering
procedure (Angel & Finger, 2011). Both materials are stable
under ambient conditions and have large unit cells that
produce a considerable number of reflections, which is ideal
for testing.

Tiny single crystals of orthoenstantite and CoSb; were
prepared using an FIB instrument (FEI SCIOS dual beam)
located at DESY NanoLab. The pre-cut single-crystalline
lamellae were reduced to smaller sizes with lateral dimensions
of 2-4 pm (Fig. 6). These grains were transferred by means of
a Microsupport Axis Pro micromanipulator into DACs used
as sample holders, ensuring sample safety in transit. We
employed a Re gasket of ~10 um thickness indented by 40 pm

Table 1
Factory characteristics of the new positioning parts used for the sub-
micrometer setup on the Extreme Conditions Beamline (ECB).

The numbers in brackets refer to components in Fig. 5.

(1) XY stage with PILine
piezo motors

25 mm x 25 mm travel range

100 nm min. incremental motion

10 nm sensor resolution

7 N drive force, maximum load capacity 50 N

(2) PlIglide RM air-
bearing rotation stage

150 mm motion platform diameter

50 mm travel length

0.0015 prad sensor resolution

Absolute angle-measuring system

Slot-less brushless three-phase torque motor

(3) HPS-170 high-
precision linear stage

170 mm width, 52 mm travel range

50 nm minimum incremental motion

Stepper motor

Linear encoder with sin/cos signal transmission
Optical limit switches

350 N load capacity

culet diamond anvils of Boehler—Almax design. These test
crystals were measured under ambient conditions.

Single-crystal samples were measured using a Perkin—Elmer
XRD1621 amorphous silicon detector bonded to a CsI scin-
tillator. During the data acquisition, the crystals were rotated
by £32° and £38° with a step size of 0.5° for CoSb; and
orthoenstatite, respectively. The wavelength of the X-ray
beam was tuned to 0.4830 A (25.67 keV). Alignment of the
sample to the center of the sub-micrometer motor stack
rotation was performed with the help of X-ray transmission
scans. We used the CoSb; absorption signal as a reference,
while in the case of orthoenstatite (separate DAC, low-Z
material) we had to use the absorption signal from a thin
gasket and then locate the orthoenstatite crystal using a visible
light microscope on the beamline.

/

i

T —

DESY NANOLAB

% 3/29/2018 HV curr det |WD n!t mag =]
o 2:26:37 AM 30.00kv 1.6 nA ETD 7.0 mm 0.0° 24000 x

() —3pm

o

o HV curr | det | mode mag O |wD spot tilt | HFW
20.00 kV 0.80nA ETD SE | 12000x 7.0 mm 11.0 0.0° 34.5um

— T —

Figure 6
SEM images produced by the SCIOS dual-beam FIB at the NanoLab.
(a) Prepared pieces of orthoenstatite. (b) CoSbj; single crystals.
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Table 2

Details of the crystal structure refinements of the test samples orthoenstatite (Mg; 93,Feq06)(Si1.03,Alp06)O¢ and CoSbs.

Atomic displacement parameters of the cations were refined with anisotropic approximation. For additional information on the crystal structures and refinement

parameters we refer the reader to the CIFs in the supporting information.

Crystallographic data

Chemical formula (Mg .94Fe0.067)(Si1.93Al0.067) Os

M, 202.9

Crystal system, space group Orthorhombic, Pbca
Temperature (K) 293

a, b, c (A) 5.1815 (2), 18.2321 (11), 8.8085 (5)
V(A% 832.14 (8)

V4 8

Radiation type Synchrotron, A = 0.483 A

u (mm™") 0.44

Crystal size (um®) 4x4x2
Data collection
Diffractometer
Absorption correction

Single-circle () diffractometer

CoSb;

4242

Cubic, Im3

293

9.0360 (1)

737.78 (1)

8 o
Synchrotron, A = 0.483 A
8.83

3x3x2

Multi-scan, CrysAlis PRO 1.171.40.67a (Rigaku, 2019), empirical absorption correction using spherical harmonics,

implemented in the SCALE3 ABSPACK scaling algorithm

Tnins Tmax
No. of measured, independent
and observed [I > 20()] reflections

0.824, 1
1072, 454, 409

Rinc i 0.017

(Sin 0/ ) max (AT 0.652
Refinement

R[F? > 20(F?%)], wR(F?) 0.025, 0.039
No. of reflections 454

No. of parameters 61

APrmaxs APmin (€ A7) 0.58, —0.62

Data were processed using the CrysAlis PRO software
package (Rigaku, 2019), including the SCALE3 ABSPACK
routine for empirical absorption correction and conventional
single-crystal data treatment. The output of the program
demonstrates the exceptional sample stability during the data
collection of CoSb; (Fig. 7). A minor deviation was detected in
the case of the orthoenstatite sample, and we attribute this to
the difficulty of sample centering for this poor X-ray scattering
material.

Structure solution and refinement were conducted using
OLEX2 (Dolomanov et al., 2009) with the SHELX backend
(Sheldrick, 2008, 2015) and the JANA2006 package (Petficek
et al.,20006). The refinement parameters and the corresponding
structural information are summarized in Table 2. Additional
information, including CIFs, is provided in the supporting
information. Illustrations of the crystal structure in Fig. 8 were
prepared with the CrystalMaker software (Palmer, 2014).

The data quality reported in Table 2 is exceptional and in
very good agreement with the literature data, even though the
energy of the X-ray beam was very low (25.67 keV) which
significantly limits our access to reciprocal space due to the
finite aperture of DACs. Future developments and enhance-
ments expected for diffraction-limited storage rings (DLSRs),
such as the ESRF EBS, APS-U and PETRA 1V, will boost
these types of studies. Considering the ECB at PETRA III,
the upgrade to PETRA IV (Schroer et al., 2019) promises
improved capabilities. The upgrade will result in photon flux
improvement at all photon energies interesting for high-
pressure research and, in combination with sub-micrometer
focusing, it will exceed the capabilities of third-generation
sources.

0.888, 1
490, 133, 121
0.016
0.645
0.012, 0.043
133
9
1.28, —1.03
14 | LA L B B LA r YT 1T =§F *F %
sample drifting from x-ray
12 T / focal spot position T
= 1.0 pEee= -4
= 20=1.2%
=
2 08 T+ .
B
s}
B 06 + .
2
3
A 04f + 1
02+ + |
(a) CoSb; T (b) orthoenstatite 1
0.0 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100120 0 20 40 60 80 100120 140
. Frame No. Frame No.
Figure 7

The output of the SCALE3 ABSPACK empirical absorption correction
routine of CrysAlis PRO, indicating the amount of scaling which had to
be applied to each frame in order to compensate for the intensity
mismatch between different Friedel equivalents. Each frame corresponds
to a physical angle with a step size of 0.5° per frame. (@) The flat red line
with 20 = 1.2% is attributed to an average value of 1.011 (gray dashed
line). It indicates the excellent stability of the CoSb; sample with respect
to the X-ray beam during single-crystal data acquisition. (b) Our analysis
shows that the orthoenstatite single crystal was moving slightly out of the
X-ray beam in the angular range corresponding to frame Nos. 0-20. We
consider that the centering procedure involving the gasket absorption
profile combined with visible light observations was not perfect enough.
The difference in point scatter between the red and blue lines can be
attributed to the difference in scattering factors. For the data in panel (a)
we had to use a 50 pm Pt absorber foil in order to reduce the intensity of
the diffraction signal coming from the sample. The much stronger
scattering from CoSbj; than from orthoenstatite is the reason for the noise
difference between the red and blue curves.

J. Synchrotron Rad. (2022). 29, 654—663
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PnmaFe,0,
Yh,S, structure type

Figure 8

P~200 GPa

Projection along b axis

The crystal structure of Pnma Fe;O,4 formed after laser heating at 3000-3500 K. The structure is composed of layers of distorted octahedra (Fel and Fe3
sites) which are interconnected through the capped trigonal prisms (Fe2 sites). The structure solution converged to R(F?) = 0.071, wR(F?) = 0.075 using
reflections with an intensity / > 20([). The individual building blocks and the corresponding Fe—O bonds are shown. On the right-hand side is a
projection of the structure along the b axis, providing a clear indication of edge sharing of the corresponding building blocks and an overview of

the Fe-O framework.

5. Applications to materials compressed above
~150 GPa in laser-heated DACs

A successful crystallographic solution for the test cases
described below would not be possible with our standard
motor setup. The implementation of the new motorization
enabled more accurate and reproducible sample positioning in
3D space, including sample positioning at the center of rota-
tion of the highly accurate rotation stage. Due to the
improvements in the motorization and the implementation of
the correcting phase plate, which reduces the overload of the
sample signal in reciprocal space, the resulting data quality
was greatly improved. Each of the described cases represents
an important challenge for various fields of science, such as
crystal chemistry, mineral physics and planetary sciences.
Iron oxides are closely related to planetary evolution
(Bykova et al., 2016; Dobson & Brodholt, 2005), but also play
a significant role in thermal energy storage, as indicated by
various studies (Grosu et al., 2017; Huang & Xu, 2019). High-
pressure high-temperature treatment of the Fe-O system at
elevated pressures induces various phases and structural
transformations. Below we report on the observation of the
Pnma phase of Fe;O, at ~200 GPa. The starting material,
a-Fe,05 (hematite), was loaded into the sample chamber of a
BX90 DAC (Kantor et al, 2012) together with Ne as the
pressure-transmitting medium (Kurnosov et al, 2008). The
starting material was laser-heated at the Bayerisches Geo-
institut using a laser-heating system recently developed by
Fedotenko et al. (2019). This is a pulsed laser-heating system
operating in continuous mode (NIR laser beam, 1070 nm,
5 pm at FWHM in diameter). Pressure was measured using the
equation of state of Ne (Fei et al., 2007). Single-crystal datasets
were collected using the Perkin-Elmer XRD1621 detector
with a wavelength of 0.483 A A complete description of the
structure of Pnma Fe;O, observed at 200 GPa, including a

CIF, is provided in the supporting information. The small
X-ray beam size was crucial as it constrained the number of
illuminated grains and the overlay of scattered intensity in
reciprocal space originating from various sources in the high-
pressure environment.

The laser heating of the compressed hematite produced a
polycrystalline mixture. Analysis of 2D scanning map data of
the laser-heated area indicated several larger single-crystal
grains that are potential candidates for structural solution. The
indexing of the reflections belonging to two strongly scattering
Pnma Fe;0, (oP-Fe;0,4) domains was identified after careful
inspection of reciprocal space using the CrysAlis PRO soft-
ware. A more detailed description of the process is provided in
the supporting information. The lateral size of the domains
within the 2D map did not exceed a couple of micrometers.
The integration of intensities for the most strongly scattering
domain converged with R;,, = 0.029. The structure was solved
and refined based on 195 measured reflections for 22 refined
parameters with R; = 0.071 (Table 3). The structure of oP-
Fe;O, contains two different octahedrally coordinated posi-
tions of iron atoms (Fel and Fe3) with the Fe—O bond
distance varying between ~1.70 and 1.80 A (Fig. 8). The
distorted octahedra share edges and form ribbons, and two
enantiomorphic ribbons are joined together, hinging along
lines of the shared oxygen parallel to the ¢ axis. The Fe2 atom
is surrounded by seven oxygen atoms with an Fe—O distance
variation of ~1.86-1.91 A. Its coordination can be considered
as a capped trigonal prism. The structure of novel oP-Fe;O,
belongs to the YbsS, structure type (Chevallier et al., 1967). It
is common for warwickites, mixed metal borates of the general
formula A,T, B,Og, where A and T are alkaline earths,
lanthanides or transition metals (Matos et al., 1996).

Charge-balance considerations suggest that the Fel and Fe3
sites are occupied by Fe**. Our analysis of the Fel—O and
Fe3—O distances, supplemented by analysis of the octahedron
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Table 3

Detailed information for the crystal structure refinements of oP-Fe;04 and Mg o1 (2)Feg.00 2)S103 performed on laser-heated samples at ultra-high

pressures.

Samples were measured at ambient temperature after a laser-heating procedure. For additional information on the crystal structures and refinement parameters we

refer the reader to the CIFs in the supporting information.

Crystal data

Chemical formula Fe;0,

Pressure (GPa) ~200

M, 2315

Crystal system, space group Orthorhombic, Pnma
Temperature (K) 293

a,b,c A) 7.932 (10), 2.5881 (13), 8.321 (3)
V (A% 170.8 (2)

V4 4

Radiation type Synchrotron, A = 0.483 A

u (mm™") 797

Crystal size (um?) 1x2x1f
Data collection
Diffractometer
Absorption correction

Single-circle (w) diffractometer

Megoo1 @Feo.00 25103

~155

103.3

Orthorhombic, Pbnm

293

4.194 (2), 4.525 (1), 6.1910 (1)
117.49 (6)

4

Synchrotron, A = 0.483 A
0.98
2 X2 x2%

Multi-scan, CrysAlis PRO 1.171.40.67a (Rigaku, 2019), empirical absorption correction using spherical harmonics,

implemented in the SCALE3 ABSPACK scaling algorithm

Tomins Tmax 0.559, 1

No. of measured, independent and 195, 105, 88
observed [I > 20()] reflections

Rint 0.029

(sin 6/A)max (A1) 0.643

Refinement

R[F? > 20(F?%)], wR(F?) 0.071, 0.075

No. of reflections 105

No. of parameters 22

APrmaxs Apmin (6 A7) 2.04, —1.8

0.664, 1
106, 56, 53

0.008
0.607

0.041, 0.114
56
13
0.51, —0.54

+ Approximate sizes based on X-ray diffraction 2D mapping.

site volumes, reveals that the Fel and Fe3 atoms are in a low-
spin state (Vasiukov, 2018). The Fe2 site is attributed to Fe*".
It is clearly larger than the Fel and Fe3 sites. We suggest that
the spin configuration of Fe2 should be also attributed to low
spin. However, due to the deformation of the crystallographic
site we cannot fully exclude the possibility of an intermediate
spin-state configuration. The precise characterization of the
iron atoms’ electronic state in oP-Fe;O, and the exploration of
its phase diagram require further investigation.

The Mg-Si—O system is equally if not more important than
Fe-O for our understanding of the Earth and other planetary
environments. In addition to the example of the Fe;0, system,
we show a full structure solution and refinement of excellent
quality for Fe-bearing bridgmanite Mg o1 2yF€ .09 (2)S103. The
data were obtained after laser heating and collected at a
pressure of ~155 GPa (Ne pressure scale; Fei et al., 2007).
Accurate measurements of the physical properties of bridg-
manite and post-perovskite, including density as a function of
pressure, temperature and composition, have always been a
focus of solid-earth investigations. The studies continue with a
doubled effort today involving static and dynamic compres-
sion methods [e.g. Fei er al. (2021)]. However, information
characterizing the density alone can rightfully be considered
insufficient. It must be supplemented with a thorough under-
standing of the crystal structure and its evolution and
perturbation. Here, ultra-high-pressure studies of the Mg—Si—
O system by means of SCXRD represent a very specific but
very important challenge. Most experimental difficulties could

be tracked down to the low scattering volumes of the sub-
micrometer-sized samples, but they become even more severe
due to the low atomic scattering factor in the case of the Mg—
Si-O system. Using the example of bridgmanite laser-heated
to 2500-3000 K, we have demonstrated the power of the new
sub-micrometer setup on P02.2, enabling structural studies of
chemically complex systems at ultra-high pressures, even those
containing mostly light elements in their composition (e.g. Mg,
Si, O). As we show in Table 3, the final refinement of the
structural model converges with a very low R factor of R, =
0.0411 based on 106 measured reflections and 13 refined
parameters.

6. Conclusions

By applying the most recent technical developments within
the capabilities of PETRA III, we report an upgrade of the
existing high-pressure micro-X-ray diffraction instrument
at P02.2. The upgrade involves the modification of the
X-ray optical path and the implementation of a phase plate
correcting the spherical aberration of the CRLs implemented
at P02.2 in combination with the new, more accurate and
precise, motorization of the sample stack.

Within our test studies conducted under ambient conditions
and at pressures exceeding 1 Mbar, we have demonstrated the
most challenging issues faced in high-pressure science and
presented a solution addressing the challenges of single-crystal
refinement from grains of micrometer to sub-micrometer
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dimensions. We have described ‘synthetic’ examples of
orthoenstatite and CoSb; measured inside the DAC
under ambient conditions and extended our studies to scien-
tific cases exploring the crystal structures of Fe;O, and
Mgyo1 2)F€0.09 2)S105. The structures of the latter two
materials were successfully solved at pressures exceeding
1 Mbar, even though the data acquisition and analysis
processes were highly challenging, e.g. complicated by sample
finding and by signal extraction from micrometer-sized poly-
crystalline aggregates. The real case studies of Fe;O,4 and
Mg 01 2)F€0.09 (2)S105 demonstrate the capacity of the current
instrument upgrade.

We hope that our study will inspire the high-pressure
community and engender further developments on dedicated
high-pressure beamlines, extending the capabilities of the
latter and driving high-pressure science beyond the bound-
aries of the commonly explored P-T space.

7. Related literature

For further literature related to the supporting information,
see Bykova (2015), Hrubiak et al. (2019), Petricek et al. (2014),
Prescher & Prakapenka (2015) and Rigaku Oxford Diffrac-
tion (2020).
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