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Abstract: The more than a century-old technique of X-ray diffraction in either angle or
energy dispersive mode has been used to probe materials microstructure in a number of
ways, including phase identification, stress measurements, structure solutions, and the
determination of physical properties such as compressibility and phase transition
boundaries. The study of high-pressure and high-temperature materials has strongly
benefitted from this technique when combined with the high brilliance source provided by
third generation synchrotron facilities, such as the Advanced Light Source (ALS)
(Berkeley, CA, USA). Here we present a brief review of recent work at this facility in the
field of X-ray diffraction under extreme conditions, including an overview of diamond
anvil cells, X-ray diffraction, and a summary of three beamline capabilities conducting X-
ray diffraction high-pressure research in the diamond anvil cell.

Keywords:

1. Introduction

X-ray diffraction experiments have been a mainstay of solid-state materials science,
geoscience, and physics, for over a century since the invention of the technique. It is a
technique whose value lies in the fact that the wavelength of X-rays is on the atomic size
scale, which allows X-rays to be good probes for crystalline materials. Diffraction data thus
provides information about the atomic composition and arrangement. Importantly, it can be
a non-destructive technique that can be performed in situ under various environmental or
physical conditions, allowing real-time observation of changes in solid, crystalline systems.
When combined with third-generation synchrotron facilities such as the Advanced Light
Source (ALS) (Berkeley, CA, USA) several notable improvements have been achieved.
Mainly, synchrotron sources provide both small beams (on the tens of microns to
submicron order) and high flux. This in turn allows for experiments performed on very
small samples, on poorly diffracting samples, or on samples that are encapsulated in an
absorbing medium. All three of these cases apply when performing X-ray diffraction under
extreme conditions, which usually refers to high pressure and high temperature conditions,
for instance those that simulate those found at the center of the Earth and other planets in an
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effort to understand planetary physics. The tool of choice for obtaining static high pressure
(1-300 GPa) is the diamond anvil cell (DAC). High temperature can be obtained either by
resistive heating up to a temperature of ~1000 °C and laser heating up to a temperature of
~6000 °C. At the ALS, there exist three beamlines where high-pressure experiments can be
performed: the dedicated beamline 12.2.2, the chemical crystallography beamline 11.3.1
(soon to be 12.2.1), and the microdiffraction beamline 12.3.2. Here we will discuss
beamline capabilities and the types of experiments performed in recent years at the ALS
employing joint synchrotron X-ray sources and DACs. Today, high-pressure research
encompasses a wide variety of topics, not all related to earth science. For instance, high
pressure is also often used to synthetize new materials with unique properties such as ultra-
hard materials. We hope that this review will serve as an introduction to high-pressure and
diffraction research performed at the ALS.

2. Synchrotron Facilities

There are many advantages to performing high-pressure experiments at synchrotron
facilities rather than on a traditional laboratory source. Synchrotron X-rays tend to be
highly focused, with spot sizes only several microns wide. The brightness and flux are
several orders of magnitude higher than a laboratory source, which allows for faster data
collection as more photons are able to diffract.

There are several other advantages in using a synchrotron facility. Synchrotrons also
provide a continuous spectrum of wavelengths going from the infrared to the hard X-ray
regime. The resulting wavelength tunability allows to perform experiments not usually
possible at lab sources such as
X-ray spectroscopy. Many beamlines, including at the ALS, have tunable monochromators,
which enables the selection of different wavelengths. Tunability can also allow the user to
access different 26 ranges, thus enabling the collection of different portions of the diffracted
beam. Additionally, the synchrotron beam is inherently pulsed, and depending on the time
structure, time-resolved experiments such as pump-probe experiments when the source of
excitation such laser illumination can be synchronized with the synchrotron storage ring
time structure, allowing measurements in the femtosecond range.

A summary of synchrotrons around the world where static high-pressure techniques are
used is presented in Table 1 [I-11]. For high-pressure work done at the ALS, a
superconducting bending magnet is used to generate hard X-rays, with between 540 keV
accessible energy range (depending on the beamline). The X-rays are harvested by end
stations, referred to as beamlines, positioned tangentially to the ring. Each beamline has its
own optics and instrumental setup, which allows different experiments to be performed.
High-pressure beamline capabilities are discussed in further detail below.

3. Beamline Design and Capabilities at the Advanced Light Source

3.1. Beamline 12.2.2

Beamline 12.2.2 was designed specifically for high-pressure DAC experimentation,
and was the first hard X-ray beamline with this capability at the ALS. Since its inception in
2004, it has undergone several upgrades, expanding the experimental capability of the
station. A detailed description of the beamline front end optics can be found in Kunz et al.
[12].

3.1.1. Instrumentation
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Beamline 12.2.2 derives X-rays from the 5.29 T outboard tangent point of the source
magnet. The critical energy of the source is 12.7 keV, giving it a usable energy spectrum
between ~8 and 35 keV. A vertically collimating mirror followed by a two-crystal Si(111)
monochromator (Kohzu) and a toroidal focusing mirror form the primary optics. The
primary focal spot is situated within the experimental hutch at endstation 1, which hosts the
single crystal program. For operation on endstation 2, the primary focus spot is re-imaged
with a set of Kirkpatrick-Baez (KB) mirrors onto the sample position at endstation 2, which
is in general used for powder diffraction (Figure 1). The focal spot on endstation 2 can be
adjusted between 10 and 30 microns.
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Figure 1. Schematic of the optical train for Advanced Light Source (ALS) beamline 12.2.2. The circa 30 m
long beamline follows a two-stage focusing set-up into the experimental hutch. The primary focus spot, also
situated in the experimental hutch, is also used as endstation. KB mirrors: Kirkpatrick-Baez mirrors.

The original design of the beamline, installed and commissioned in 2003/2004, focused
on in situ high-pressure/high-temperature powder diffraction experiments on samples
within a laser heated diamond anvil cell (LHDAC). This experiment was installed at the
secondary focus spot on endstation 2. Source characteristics and user demand prompted the
development of a dedicated high-pressure single crystal diffraction program at the primary
focus spot (endstation 1). This is being installed and commissioned in 2017/2018 after
successful high pressure single crystal experiments on endstation 2.

Endstation 1: A Stoe Stadivari 4-circle single crystal diffractometer combined with a
Research Detectors Inc. (RDI) CMOS 1M detector (Oakland, CA, USA) serves as the
primary instrumentation for endstation 1 (Figure 2). The sample position is equipped with
actively corrected XYZ stages for aligning and maintaining samples weighing up to 1 kg on
the 10 um sphere of rotation. The RDI detector is optimized for 25 keV X-rays, and is
capable of collecting data at 20 Hz. The entire diffractometer assembly can be aligned on
the beam using two Aerotech stages, which deliver transverse and vertical translation. A
compact variable collimator, which was pioneered within the Berkeley Center for Structural
Biology (BCSB, Berkeley, CA, USA), has been purchased. This collimator will allow the
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user to choose the beam to match their experiment, as well as enabling raster scanning for
sample location.

Figure 2. An annotated image of a BX90 diamond anvil cell (DAC) mounted on the Stoe Stadi-Vari
diffractometer on beamline 12.2.2, endstation 1. (A) The Research Detectors Inc. (RDI) CMOS 1M detector
(Oakland, CA, USA). (B) The beamstop. (C) The BX90 DAC. (D) Motorized DAC alignment XYZ stages. (E)
Off-axis sample viewing/alignment camera. (F) Idealized representation of the X-ray beam direction.

Endstation 2: The secondary focus point is optimized for powder X-ray diffraction in
combination with in-situ laser heating through a DAC (Figure 3). A single vertical rotation
axis (o) sitting on a xyz stage stack serves as the point of reference for the sample position.
The sample is positioned onto the rotation axis with a second xyz stage on top of the ¢ axis.
This set-up also serves as ad-hoc single crystal set up. A Mar345 image plate and a RDI
CMOS detector serve as X-ray detectors. The Mar345 is the choice for relatively slow in-
situ laser heating experiments, while the RDI CMOS is almost exclusively employed for
single crystal experiments on endstation 2.
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Figure 3. Photograph of set up at endstation 2 on ALS beamline 12.2.2. A single, vertical rotation axis is
centered onto the focus spot of the X-ray beam using the lower xyz stack. The upper xyz stack allows centering

the sample onto the rotation axis and thus X-ray focus spot.

This endstation was previously equipped with a Perkin Elmer (Waltham, MA, USA)
detector for single crystal applications. Sample to detector calibration is performed using
LaB¢ and the DIOPTAS [17] software.

Optics for double-sided laser heating, pyrometry and imaging are installed ona 1 m x 1
m breadboard mounted upright and normal to the incident beam to the right of the sample
position. The set-up allows for double-sided in-situ laser heating both in axial as well as
radial diffraction geometry. Temperature mapping of the entire sample chamber is
performed by combining the high-dynamic range intensity map of a monochromatic image
and the averaged radiative spectral curve measured with a OceanOptics HR2000+
spectrometer.

3.1.2. Powder Diffraction under Non-Ambient Conditions

Powder X-ray diffraction is in many ways one of the most straightforward material
identification and characterization tools. It is thus often the method of choice to interface
with ancillary sample equipment enabling studying materials under non-ambient pressure,
temperature, or atmospheric conditions. The in situ powder diffraction capabilities on
beamline 12.2.2 focus on combining high temperature with high pressure (laser heating and
resistive heating) on the one hand, and high temperature with non-ambient atmospheres
(gas mixes) on the other hand. While the pressure-temperature combination finds most of
its applications in geophysics and materials science
(nano-material, super hard material), the science areas mostly seeking combining high-
temperature with well-defined gas-mixes are catalysis, battery research and solid state
chemistry.

In general, DACs (see Appendix B) are employed to subject samples to pressures in the
range of 1-102 GPa. Powder diffraction through a DAC allows the extraction of
information on P-T phase stability, bulk elasticity, as well as on plastic deformation (e.g.,
deformation mechanisms) and material strength. Thermo-elastic properties and phase
stabilities are usually probed in an axial diffraction geometry, whereas strength and plastic
deformation is measured using a radial diffraction geometry (Figure 4). In axial geometry,
the DAC is aligned with its compressional axis parallel to the incoming X-ray. The X-rays
are thus crossing the upstream diamond, before they are diffracted by the sample and the
diffracted X-rays exit the sample assembly through the downstream diamond. The axial
diffraction geometry is preferred for experiments that aim to create the most hydrostatic
environment possible. Figure 5 shows raw and integrated data from an axial double-sided
in-situ laser heating experiment.



6 of 34

IR laser beam

ge ring
X-ray be

X-ray transparent mirror

detector

X-ray beam stop

detector

Q diamond anvil cell

storage ring
X-ray be

Figure 4. Top: typical DAC setup in axial geometry. This schema
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geometry. Bottom: DAC setup in radial geometry. Note that in radial geometry, the X-rays access the sample

through the gasket, which in this set-up needs to be transparent to X-
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Figure 5. (a) Typical raw high-pressure (~10 GPa) X-ray powder diffraction pattern (San Carlos olivine)
collected during laser heating to ~2000 K. The shadow on the right hand side is caused by the downstream

laser heating optics. The broad smooth partial rings on the right side stem from X-ray scattering on the laser
mirror. Both artifacts need to be masked out for data reduction and analysis. (b) Integrated diffraction pattern

with and without masking of laser heating artifacts.

3.1.3. In-Situ Laser Heating
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Synchrotron monochromatic powder X-ray diffraction coupled with double-sided in-
situ laser heating has been pioneered in the late 1990s first at the European Synchrotron
Radiation Facility (ESRF) (Grenoble, Fance) (e.g., Fiquet et al. [18]) and soon after at other
third generation synchrotron sources all over the world e.g., at Advanced Photon source
(APS) (Lemont, IL, USA) [19,20], SPring-8 (Kouto, Japan) [21], and PETRA-III
(Hamburg, Germany) [22]. At ALS beamline 12.2.2, a double-sided laser heating set-up
was introduced in 2004 [23] and upgraded in 2014 (Kunz et al., in prep.). The double-sided
laser-heating and pyrometric temperature measurement set-up is mounted on a
1 m x 1 m sized breadboard, which is positioned upright and orthogonal to the incoming X-
ray path next to the sample position (Figure 6). The set-up allows for double-sided laser
heating with instantaneous 2-dimensional temperature readings on both sides of the entire
sample chamber. The ability to record full 2-dimensional temperature maps in real time
allows quantification of the thermal gradients and thermal pressure effects encountered
during such experiments. The potential for creating new material with interesting physical
properties of combined high pressure and high temperatures as achieved in a LHDAC has
been demonstrated by a series of 12.2.2 experiments, which created among others novel
transition metal nitrides, borides and carbides (e.g., Kaner et al. [24], Chung et al. [25],
Mohammadi et al. [26], Friedrich et al. [27,28], and Santamaria-Perez et al. [29]). Equally
interesting is the possibility of exploring P-T phase diagrams and thermo-elastic properties
of (Earth-) materials at very high pressures and temperatures (e.g., Armentrout and Kavner
[30], Nisr et al. [31]).

Figure 6. Schematic of optical set-up for laser heating and temperature measurement on beamline 12.2.2. (1)
1090 nm fiber laser, (2) IR path, (3) sample position, (4) 80 mm /2.8 objective lens (5) motorized IR mirror,
transparent for vis (6) image and pyrometry beam path, (7) monochromatic 16-bit camera with 700 nm notch
filter, (8) 8-bit color GigE camera, (9) motorized remotely controlled mirror, (10) pyrometry signal fed into
OceanOptics Jaz spectrometer via optical fiber, (11) light source for sample illumination.
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In the radial diffraction geometry, the compressional axis of the DAC is oriented
perpendicular to the incoming X-ray beam (Figure 7). Since X-rays enter and exit the
sample chamber through the gasket material, this material needs to be X-ray transparent.
Boron epoxy or Be metal are the materials of choice for X-ray transparent gaskets. The
sample is loaded without a pressure medium (e.g., Figure A3a), thus creating an anisotropic
stress-field, usually with its strongest principal axis parallel to the applied uniaxial load.
The radial geometry thus “sees” the maximum stress gradient experienced by the sample.
This allows the measurement of the strength of a material through the elliptical deviation of
the Debye diffraction rings from circular shape. Intensity variations along the diffraction
rings/ellipses allow the measurement of lattice preferred orientation (Ipo). The change of
Ipo in response to a varying stress field allows the deduction of the deformation
mechanisms in plastic deformation events (Figure 8). Since activation energies of slip
systems and therefore deformation mechanisms can be temperature dependent, 12.2.2
recently interfaced the double-sided in-situ laser heating set-up with the radial geometry.
This involved redirecting the double-sided Infrared (IR) laser beam and pyrometry optics
by 90 degrees in the horizontal plane. Although measuring texture and material strength has
originally been developed by the Earth Science community to elucidate the plastic behavior
of the Earth’s interior (e.g., Gleason and Mao [32], Miyagi et al. [33], Miyagi et al. [34],
Miyagi and Wenk [35], Wenk et al. [36]), this technique has also been applied to shed light
on the strength of ultra-hard and/or nano-sized material (e.g., Chen et al. [37], Xie et al.
[38], Xie et al. [39]).

Figure 7. Optical set-up to rotate the double-sided in-situ laser heating by 90 degrees to enable in-situ laser
heating in radial geometry on ALS beamline 12.2.2.
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Figure 8. Raw (a) and azimuthally integrated (b, ¢) data from a high-pressure powder diffraction experiment
in radial geometry. The middle pane refers to the raw data shown left. The right pane is the same sample but
collected while laser heating. The fairly intense and structured signals at very low angle are from the X-ray
transparent boron-epoxy gasket. Note how the non-isotropic stress-field coupled with the strength of the cold
material leads to azimuthal dependent changes in diffraction angle. This is best seen in the ‘unrolled’
representation of the data (b). During laser heating, the strength of the material is reduced and some of the
strain in the original sample disappears. At the same time, new spotty lines appear due to a temperature and
pressure induced phase transition (c).

One of the more challenging aspects of in-situ laser heating (axial or radial geometry)
is the extraction of a reliable temperature during the heating experiment. For practical
aspects, this is generally done through black body pyrometry where the Planck function is
fitted against the observed thermal spectrum of the hot spot. The small dimensions
associated with DAC work leads to very strong temperature gradients, which in turn can
give rise for artifacts related to chromatic aberrations with even the best aligned optics. This
can lead to significant errors on the temperature deduced from such a measurement [40].
Among the various strategies to avoid or correct for these artifacts, the recently upgraded
set-up at ALS beamline 12.2.2 opted for the peak scaling method as suggested by Rainey
and Kavner [41]. This method avoids selecting the (hottest) center of the hotspot via a
pinhole or small slit and instead collects the entire hot spot into the spectrometer (Figure 9).
This therefore circumvents most errors introduced by chromatic aberration by sacrificing
the spatial resolution of the spectroscopic experiment. To compensate for this loss of
information, a high resolution, high dynamic range monochromatic intensity image of the
hotspot is converted into a temperature map, using the temperature obtained by the entire
hotspot as the cost-function.

1/T

(a) (b)
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Figure 9. Raw (a) and normalized (b) averaged thermal spectrum from hotspot. This allows deduction of a
global temperature. The temperature map obtained from a monochromatic intensity map of the hotspot has the

same global temperature but also shows spatial temperature resolution.

In order to subject samples to high temperatures at ambient pressure, BL 12.2.2
developed a
2-stage lamp heater (Figure 10) [47]. Two IR lamps illuminate a SiC capillary, which
contains a thermocouple and a secondary quartz capillary carrying the sample. The SiC
absorbs the IR heat and creates a uniform temperature field with very low spatial and
temporal thermal gradients. It reproducibly creates temperatures up to 1300 K with finely
controllable positive and negative ramp rates. The capillaries containing the sample powder
can be connected to a mass-flow controlled gas atmosphere, which allows for time varying,
well-controlled gas-atmospheres. This set-up creates excellent data in the realm of catalysis
and solid state chemistry (e.g., Mattox et al. [48], Kock et al. [49]).

Figure 10. Photograph of the in operando high-temperature, non-ambient atmosphere powder diffraction set-
up on beamline 12.2.2. The sample, contained in a capillary, is immersed in a controlled atmosphere through
mass flow controllers attached to the capillary. The sample capillary is sleeved in a SiC tube, which acts as a
heat absorber and crates a homogeneous temperature field.

3.1.5. High Pressure Single Crystal Diffraction

Employing a single crystal within a DAC allows an experimenter to gain greater
insight into structural responses to pressure as well as being able to determine new
structures after phase transformations. On beamline 12.2.2, the current endstation 2 system,
with a single ¢ rotation axis coupled to the Perkin Elmer detector, has enabled user groups
to explore the high-pressure behavior [50] of a wide range of samples, including minerals
[51], perovskites [52], metal organic frameworks (MOFs) [53], and more. The endstation 2
system can accommodate DACs of nearly any reasonable mass and shape, but a successful
single crystal experiment depends on having the largest angular opening possible. The
endstation 1 system has been designed for the BX90 DAC [54], but will also accept
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Merrill-Bassett style DACs [55]. As the commissioning of the endstation 1 diffractometer
comes to a close, users will have access to higher completeness, higher resolution single
crystal data, which will give experimenters greater insight. In both cases, experimental data
processing involves extensive masking of experimental features such as the DAC cell body
shadow, gasket diffraction rings, diamond peaks, etc. (Figure 11). At this station, the DAC
shadow and gasked powder rings can both be masked with the program ECLIPSE [56]
before further data reduction.

(a) (b)

Figure 11. (a) A single crystal diffraction image, and (b) the same image annotated to indicate pitfalls in
single crystal data processing. A is the detector region that is shadowed by the DAC, which must be masked
for data reduction. B is a diamond reflection, which can be so intense that they cause secondary diffraction
rings, as in this case. Region C contains the diffraction peaks of interest. D is the shadow of the beamstop,
which can also require masking. Region E highlights faint powder rings from the gasket; these will vary in
intensity throughout the data collection and may also require an angle-dependent masking scheme.

3.2. Beamline 12.3.2

Beamline 12.3.2 was initially developed for Laue microdiffraction mapping, and was
opened to users in 2009 [13,57]. The primary capabilities of the beamline focus on strain
and phase mapping in two dimensions, with both Laue and monochromatic crystal
diffraction possible. The beamline sits on a 4.37 T field strength source, with critical energy
near 11.5 keV, providing a usable range of 5-24 keV in the endstation. Details of the
optical layout can be read in Kunz et al. [13]. Polychromatic (white) radiation from the
source is refocused to the entrance of the experimental hutch where laid a pair of rotary slits
which act as a virtual source size. The X-ray beam is further focused to a nominal beam
size of 1 pm x 1 pm at the sample by a pair of elliptically bent KB mirrors. Wavelength
selection is provided by a 4-bounce monochromator, whose mechanism allows the
monochromatic beam to be collinear to the polychromatic beam so as to illuminate the
sample at the same location. As the monochromatic beam is usually limited by flux, we
open the rotary slits to make the monochromatic beam dimensionally larger than the white
beam, with a focused spot size of approximately
5 um x 2.5 pm in direct transmission. Samples are positioned on an 8-motor stage (bottom
x, y, and z motors for coarse positioning, one y motor for changing the angle of incidence of
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X-rays onto the sample, one ¢ rotation stage and top x, y, and z motors for precise sample
positioning), which allows for precise positioning at the X-ray focal point and
displacement. Diffraction data is collected on a DECTRIS Pilatus 1M detector, which is
mounted on a Huber stage allowing 90 degrees of rotational freedom and translation over
more than 10 cm. Additionally, the beamline is equipped with a
Vortex-EM Si drift detector for X-ray fluorescence (XRF) mapping (Figure 12).

X-ray diffraction

Area detector
X-ray
fluorescence
detector

Be
Superbend M1 toroidal Roall slits
source mirror (1:0.72) window
rC 1 o V 253
" “ A

Elevation view

4 bounce Si(111)
monochromator

Sample

KB mirrors

Plan View

\ I I |
Om 13 m 224m 248m

Figure 12. Schematic diagram of the beamline 12.3.2 setup.

Significantly more details are available in [13,57]. The combination of the 8-motor
sample stage and the detector stage leads to a wide variety of possible geometries that can
be employed at 12.3.2. Both reflection and transmission experiments are possible and are
performed routinely. Additionally, in both modes, the sample can be raster scanned, with
either diffraction or XRF data collection proceeding simultaneously. The results are 2-D
maps, with each map pixel position correlated to either a diffraction pattern or elemental
composition. The beamline is particularly suited for quantitatively mapping microstructure
at the micron scale for grain orientation, texture, strain/stress and defect densities. Cases of
interest are highly heterogeneous materials, which are typical in geo- and environmental
sciences, and small samples. As both polychromatic and monochromatic radiation can be
delivered onto the sample, both Laue and powder diffraction can be performed on that
beamline. Additionally, structure solution and refinement using Laue diffraction has been
implemented for cases that are difficult to be investigated by single crystal diffraction, such
as transient states, crystals inside heterogeneous matrix or ancillary equipment such as a
DAC [58]. Energy dispersive diffraction is also possible by scanning the monochromator
energy. The detector position is calibrated with a well-known standard; this is usually Al,O;
in the case of monochromatic experiments and Si or SiO, (quartz) in the case of Laue
experiments. The monochromator energy is periodically calibrated using the diffraction
peaks of Si.

There are two primary ways in which experiments proceed. For both, the y rotation is
changed to 0 degrees. The DAC, when placed on the stage, will be oriented such that the
direction of uniaxial compression is completely aligned with the X-ray beam direction
(Figure 13). In this orientation, the y direction of the stage is the focal direction, and scans
can be performed in the xz plane. Stage positions are adjusted such that the sample is within
the focal range of the beam. Typically, this necessitates adjustment in z relative to the plane
of the beam, and in the y direction to focus the sample position. The final focal position is
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usually determined based on the diffraction of the two diamond anvils. A diffraction line
scan is performed in y. The peak intensity of the diamonds is monitored, and the sample is
located at the minima of both diamond diffraction signals. Once the sample is aligned, the
experiment can proceed in either the radial or the axial direction, with the main difference
lying in the adjustment of the detector position relative to the beam. Recorded diffraction
patterns will exhibit some portion of the image that is cutoff by the cell body, and strong
single-crystal peaks from the diamond anvils (Figure 14). Sample peaks are then indexed
using the program XMAS [59], and orientation and stress/strain can then be calculated.
Although work on this beamline is more focused on ambient pressure conditions, the
sample stage has the flexibility to mount diverse equipment providing possibilities for in-
situ experiments such as heating, cooling, tensile strain loading and high-pressure
measurements inside a DAC.

2 dimensional detector

Mirror with pinhole
N EEe—

Focused X-ray beam

Upper xyz stack
TN e

Figure 13. (a) Side and (b) top view of the 12.3.2 endstation with a diamond anvil cell mounted. The detector
is set at 90° with respect to the direct beam. Sample centering is achieved by means of the upper const motor
stack. Rastering is performed in the xz direction.
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Figure 14. Example background-subtracted Laue diffraction data in a DAC. Here, a quartz sample was
compressed nonhydrostatically and diffraction was collected in 90° geometry. Diamond peaks form the most
intense observable diffraction, as the diffracting volume in diamond is orders of magnitude greater than that of
the sample. Quartz peaks are less intense and exhibit deformation (e.g., are not Gaussian in shape). A large
portion of the detector shows null results, as diffraction at those angles is blocked by the steel DAC body.

3.3. Beamline 11.3.1 and 12.2.1

The newest high-pressure diffraction beamline will be beamline 12.2.1, currently being
constructed at the ALS. The 12.2.1 will be the future home of the chemical crystallography
beamline, which is currently housed at beamline 11.3.1, which has as its source a “warm”
bending magnet with a field strength of 1.27 T. Despite the low critical energy of 3 keV,
beamline 11.3.1 has been used successfully for high-pressure studies of chemical
compounds. The beamline design of 11.3.1 is extremely simple, with only two optical
components, both of which are behind the synchrotron shield wall. The channel cut Si(111)
monochromator receives white beam from the source, and delivers monochromated light to
the toroidal mirror, which is focused in the experimental hutch. More detail is given in
Thompson et al. [60].

Beamline 12.2.1 has been constructed in the same design as other monochromatic
superbend beamlines, with a collimating mirror receiving the source, a Kohzu double
crystal Si(111) monochromator and a toroidal mirror focusing the beam into the
experimental hutch [15]. Beamline 12.2.1 will offer double the flux at the current ambient
pressure data collection energy (16 keV), but will offer three orders of magnitude more flux
at 20 keV, which has limited the success of high pressure experiments on 11.3.1 in the past.
The 11.3.1 experimental endstation will be moved to 12.2.1 in 2018.

The experimental endstation for 11.3.1 is extremely streamlined, to reduce the learning
curve for users. A Bruker three-circle diffractometer, equipped with a Photon 2 CMOS
detector, has been mounted to rotate about a horizontal axis. This configuration allows
ambient data collection to 90° in 26, which corresponds to a maximum resolution of 0.37
A-1 at 16 keV. The focal point is determined using a CdWO, scintillator, and the rotation
axis is moved to be coincident with the focal point. Single crystal high pressure
experiments are done on 11.3.1 using small DACs, typically of the Merrill-Bassett design
[61], equipped with Boehler-Almax cut diamonds [62]. The 11.3.1 diffractometer is
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controlled by the Bruker APEX3 program, which is used by many institutions in their home
X-ray labs, which allows users to start collecting data almost immediately. Indexing and
data reduction is also handled in APEX3, but high-pressure users need to employ additional
tools, either internal to APEX3 or external (ECLIPSE [56]), to mask detector regions
obscured by the DAC body. This beamline is mostly aimed at chemical crystallography,
and high-pressure studies have investigated spin crossover events [63], negative linear
compressibility [64], and MOF resilience under compression [65].

4. High Pressure Experiments at the Advanced Light Source

The ALS benefits from a diverse, international user base. High-pressure science has
been performed in a variety of fields. Here, we discuss a few representative DAC
experiments from the last few years, divided by discipline. We have selected the examples
so that all the different diffraction techniques available at the ALS are represented: single
crystal X-ray diffraction, powder diffraction and Laue diffraction.

4.1. Materials Science

Plastic deformation in polycrystalline materials, that is deformation beyond the elastic
limit of the material, is fairly well understood for grain sizes down to a micron. However,
plastic deformation in nanocrystallized materials is another matter. Based on the Read-
Shockley model, it is conventionally believed that below a certain grain size, plastic
deformation would only occur through grain boundary mediated mechanisms resulting in
grain rotations rather than grain deformation [66]. According to this model, smaller grains
would rotate more than larger ones.
Zhou et al. [67] sought to experimentally test the theory by tracking grain rotation in
ultrafine nickel nanocrystals using a DAC for exerting pressure (i.e., stress) and Laue X-ray
microdiffraction to track grain rotations. The Ni samples have average crystal sizes ranging
from 3 nm up to 500 nm. As the grain sizes of the nanocrystals are too small to be captured
by single crystal or Laue diffraction, the net rotation effect on larger 6—8 micron embedded
marker WC crystals was measured relative to the stationary diamond anvils as a function of
increasing pressure. The study conducted on
beamline 12.3.2 with DAC in a 90-degree (radial) geometry showed that rotation indeed
increases with decreasing crystal size until a critical value of 70 nm. Below this value, an
unexpected reversal in size dependence is observed. Additional measurements using
powder diffraction on
beamline 12.2.2 shows that for a given pressure, texture strength increases with crystal size
indicating increasing dislocation activity in the grain interior. Based on these two
observations, it is surmised that the reversal in size dependence of the grain rotation is the
result of a crossover between two competing mechanisms, grain boundary dislocation
mediated grain rotation and grain interior dislocation-mediated deformation.

4.2. Chemistry

High pressure single crystal diffraction is powerful because of the level of detail it
provides. With high quality data, the structural response to pressure can be studied on an
atom-by-atom level. Recent reports of high pressure applied to chemical compounds have
been investigating compressibility [65] and other material properties [64], but also
intermolecular interactions [68], spin transitions [69] and phase changes [52]. In this
example, a MOF was subjected to high pressure, and then compared to the high-pressure
behavior of the same MOF after it had been augmented with a reinforcing organic molecule
[53].
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MOFs are porous coordination polymers with inflexible organic ligands which
interconnect metal nodes. They are primarily attractive for the available internal surface
area, which has applications in gas separations, transport and storage as well as catalysis
and structural characterization [70,71]. For MOFs to find applications in industry, they need
to be fairly rugged, and be able to resist some degradation due to environmental factors,
i.e., heat and pressure. In this case, Kapustin and co-workers were aiming to produce a
MOF that was more resistant to pressure. MOF-520, the focus of this study, is composed of
aluminum-formate rings, ligated together with tripodal 1,3,5- benzenetribenzoate (btb), and
was originally synthesized by Gandara et al. [72]. Single crystals of MOF-520 were loaded
in a DAC with 4:1 methanol: ethanol as the pressure transmitting medium (PTM), and
diffraction data were collected on beamline 12.2.2, from ambient pressure up to 2.82 GPa,
at which pressure the crystal became amorphous. This amorphization is not unusual, in that
the high pressure pushes the PTM into the pores, which degrades the long range order of
the crystal [73]. This invasion of PTM was quantified by examining the unit cell
dimensions for an increase in volume, as well as determining the unassigned electron count
using the program SQUEEZE [74]. To stabilize the MOF crystal against the high-pressure
incursions of the PTM, single crystals of MOF-520 were soaked in a saturated solution of
4,4'-biphenyldicarboxylic acid (H2bpdc), which replaced the formate molecules, and cross-
linked across the pores. This new ligand was chosen for its length, which closely matches
the pores of MOF-520. A single crystal of this new compound, known as MOF-520-BPDC,
was then subjected to high pressure.

The structures of both MOF-520 and MOF-520-BPDC are shown in Figure 15. The
100 K structures are very similar, with the BPDC unobtrusively spanning the voids (green
ovals, Figure 15). Thermal expansion from 100 K to ambient temperature leaves both
structures again looking very similar, with the pore size similarity shown using purple
circles. The images on the far right are the structures at the maximum pressure where the
crystal was still able to diffract. MOF-520 has, by
2.82 GPa, swelled with PTM, and is now showing volume decreases, along with decreasing
diffraction intensity. The bottom right shows a similar looking MOF-520-BPDC structure,
but the pressure is 5.33 GPa. The distortion of the BPDC ligand seems to indicate that the
crystal is near failure, but this modification has doubled the high-pressure lifetime of this
material. Using single crystal diffraction, Kapustin, et al. [53] were able to observe that a
specific modification to a known MOF vastly improved its high pressure ruggedness.
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Figure 15. Metal organic framework (MOF)-520 and MOF-520-BPDC, looking down the b-axis, at
100 K, ambient PT and the maximum pressure reached. Aluminum atoms are shown as blue spheres, with all
other atoms represented as capped sticks. Green ovals guide the eye to some of the BPDC ligands, and the
purple circle serves to emphasize the pore size. Figures made in Mercury, using cifs from [53].

4.3. Geoscience

One of the frontiers in modern Earth science is the quest to understand the structure
and dynamics of the interior of planets and in particular the Earth. The only direct
observations of the interior of the Earth come from sophisticated analysis of seismic waves
created by earthquakes occurring daily across the globe with varying magnitudes.
Combining accumulated measurements from across the globe over several decades’ time
span allowed the establishment of a tomographic image of the Earth’s interior, revealing its
radial concentric shell-like structure. Ever refining resolution of these models shows the
occurrence of distinct anisotropies in wave speed at specific depths throughout the Earth,
including the inner core  which mostly consists of  hexagonal
close-packed (hcp) iron [75-77]. It is surmised that this seismically observed anisotropy is
rooted in preferred orientation of hcp iron crystallites in the inner core [76-78].

One of the aspects important for this model is the experimental determination of the
strength of iron at conditions of the Earth’s core. Combining in situ X-ray diffraction in
radial geometry done at ALS beamline 12.2.2 with hydrostatic nuclear resonant inelastic X-
ray scattering (NRIXS) and theoretical modeling, Gleason and Mao [32] found the shear
strength of hcp iron at conditions of the Earth’s center (365 GPa, 5500 K) to be ~1 GPa,
1.e., about 60% weaker than previously thought [79]. This suggests that the inner core is
rheologically weak, which supports dislocation creep as the dominant creep mechanism
influencing deformation. In a radial diffraction experiment, a sample is subject to a uniaxial
stress field and proved perpendicular to the strong compression axis of the stress tensor
using X-ray diffraction. This leads to Debye cones, which vary in diffraction angle as a
function of azimuthal angle. This is best visualized by ‘unrolling’ the diffraction pattern
along the azimuthal angle resulting in a plot of 26 vs azimuthal angle y. In an unstrained
material, the diffraction lines appear as straight vertical lines of even intensity. In a strained
material with finite strength, the lines become wavy (an expression of the strength) and
show intensities varying with azimuthal angle (an expression of preferred orientation).
Careful line analysis of the variation of 26 with azimuthal angle allows deduction of the
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strength of the material. The results of this experiment extrapolated to a strength of ~8 GPa
at pressures of the Earth’s core (Figure 16). In order to make this experiment relevant to the
inner core, the effect of temperature on the strength of hcp iron had to be taken into
account. This was done by using the known temperature dependence of the shear modulus
G and propagating it to the bulk strength for a range of possible temperature scenarios. The
resulting extrapolation yielded a significant reduction of bulk strength t from ~8 GPa to ~1
GPa (Figure 16), implying that the strength of hcp iron is low at inner-core conditions. This
has significant implications for the sort of creep mechanisms that are responsible for the
observed seismic anisotropy. Dislocation velocities can be quite high, enabled by iron’s low
strengths at high temperatures, and giving support to the dislocation creep model as the
dominant creep mechanism in the solid inner core.
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Figure 16. (a) Strength of hcp iron versus pressure and extrapolated to core temperatures. Linear fit to data is
extrapolated to pressures of Earth’s inner core. Uncertainty envelope is shown as dotted black lines. (b) Effect
of temperature on bulk strength (t) of hep iron. t is calculated at two pressures corresponding to the top of the
inner core (TIC; 329 GPa) and the innermost inner core (IIC; 364 GPa) over a range of temperatures (5500—
6200 K), blue and red hatching, respectively. Vertical green line: approximate location of TIC. Vertical orange
line: approximate location of IIC. Figure adapted from Gleason and Mao [32].

5. Concluding Remarks

X-ray diffraction in conjunction with the diamond anvil cell has had a strong user
program at the Advanced Light Source for over a decade. This has enabled high-pressure
research in a wide variety of fields, including chemistry, materials science, and geophysics.
The DAC is particularly well suited for synchrotron research, as its small size, combined
with the transparency of diamonds in the X-ray regime, are well suited for easy mounting at
beamlines and for incorporation into a variety of stage designs. Technique development has
enabled a wide variety of experimental conditions, in addition to the basic high-pressure
conditions inherent to the DAC, in particular the application of shear and uniaxial stresses,
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and high-temperature conditions in a wide temperature range. The DAC program at the
ALS has expanded in recent years, giving users access to three beamlines with different
measurement techniques and capabilities. Further development will focus on increasing the
variety of single crystal DAC capabilities at the ALS, and on increasing the user
friendliness of already existing techniques.
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Appendix A. X-Ray Diffraction

Much has been written about the science behind X-ray diffraction, the physical
meaning of X-ray diffraction data, and data collection and interpretation strategies [80—88].
Here we present a brief overview of the major topics in the field for readers who are
unfamiliar with the technique.

X-ray diffraction is an analytical process that provides information about crystal
structure of a material. Effectively, a crystal is built up of many identical prisms (unit cells)
that are stacked together in a repeating array, and each of those prisms contains atoms or
molecules that are arranged in a way that can be mathematically described. Conventionally,
unit cells could only possess 1,2, 3, 4 or 6-fold symmetry, and consequently their shape
could be described uniquely using three edges (a, b, c, the lattice parameters) and three
angles (a, B, y, the lattice angles). The presence or absence of different types of symmetry
elements (rotation, translation, inversion, glide planes, screw axes) defines the positions of
atoms within a unit cell relative to one another. As mentioned above, X-ray diffraction is a
technique whose value lies in the fact that the wavelength of X-rays is on the atomic size
scale, which allows X-rays to be good probes for crystalline solid materials. Essentially, a
crystalline material will coherently diffract when the distance between crystal lattice planes
fulfills Bragg’s law:

Il)\ = 2dhk181n(e],

where 4 is the wavelength, dy is the interplanar distance, and 6 is the angle of the diffracted
beam relative to the crystal lattice plane (Figure A1). Here, A, k, and [ are referred to as the
Miller indices, and can be thought of as the number of times a particular plane cuts through
a given edge of the unit cell. For instance, a plane whose Miller index is (100) intersects the
a axis of the unit cell once, e.g., (100) is the bc plane of the unit cell, and d;p = a. A
diffraction experiment occurs when any combination of 4, d, or 6 is varied. The d spacing is
then calculated from the observed data. Luckily, it is also mathematically related to the unit
cell through the general expression:

{hzbzczsinz[a\] + K azczsinz[ﬁ) + 1 azbzsinz[yj +m+n+ 0]
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where m, n, and o can be represented by:

m= 2hkabc2[c0s(a)COS(ﬁ] — cos|y||,
n =2kla’bc[cos|B|cos|y| — cos|al],

0= 2h1ab2c[cos(a]COS(Y) - COS(|3]].
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Figure A1l. Schematic representation of Bragg’s law conditions.

The relationship between the d spacing, Miller indices, and the lattice parameters and
angles becomes significantly simplified once symmetry considerations are taken into effect.
For instance, in a cubic unit cell a = b = c and a = f = y = 90°, and the d spacing
expression described above simplifies to:

1 _h+K+1
> 2 '

The purpose of a diffraction experiment is in essence the determination of the spatial
arrangement of atoms in a crystal. This spatial arrangement can either be matched with
those found in a database of known crystal structures (phase identification) or refined
entirely (structure solution). Once the arrangement of atoms is obtained, information such
as crystal orientation and any deviation from its ideal atomic arrangement (crystal
deformation) can be inferred, making X-ray diffraction a powerful tool to measure grain
orientation, strain, and defect density in a sample. In order to obtain the 3D arrangement of
atoms in a crystal, however, it is clear that multiple diffraction peaks from multiple sets of
on equivalent atomic planes should be collected. There are several ways to bring these
atomic planes into diffracting Bragg conditions, classifying the different techniques that can
be used to perform a diffraction experiment.

In single crystal X-ray diffraction, the crystal is rotated within the beam to fulfill Bragg
condition for a number of reflections. This technique typically requires a large enough
isolated single crystal to be mounted on a goniometer with its center of rotation aligned
with the X-ray beam. This is the technique of choice for structure solution and structure
refinement, i.e.: determining the crystal structure of an unknown phase. In powder
diffraction, the Bragg condition is fulfilled statistically and simultaneously for a number of
atomic planes from a large number of randomly oriented crystals. Cones of diffraction, each
originating from particular set of atomic planes, emanate from the sample. Collected on a
2D area detector, the diffraction patterns therefore consist in set of rings representing the
intersection of these cones with the plane of the detector (and thus are conics). Powder
diffraction is typically used for phase identification, but also to measure deformation and
structure solution for cases when a single crystal is not available. In Laue (or
polychromatic) X-ray diffraction, the Bragg condition is satisfied simultaneously for many
atomic planes by shining a polychromatic (range of A) rather than a monochromatic (single
M) radiation onto the sample. Laue diffraction is typically used for obtaining the orientation
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of a crystal but in recent years was also employed for measuring strain and structure
solution. In a final method, called energy dispersive or pseudo-Laue diffraction, the Bragg
condition for multiple reflections is obtained by varying the incident beam wavelength by
rotating a monochromator [89].

All diffraction experiments typically proceed in the following manner. When working
with an unknown sample, the sample-to-detector geometry must first be calibrated by
performing an experiment on a well-defined sample, with known scattering values and
known unit cell and atomic positions, such as Si, LaB¢, CeO,, or similar, but the manner in
which the experiment proceeds is the same for both a well-characterized and an unknown
sample. Data is collected, typically through the use of a digital area detector such an X-ray
charge coupled device (CCD), a pixel detector or an imaging plate, rather than a point
detector or a photographic film. Then, a process called indexation occurs, where the shape
of the unit cell is determined based on the angular relationships between the observed peaks
(also referred to as reflections). This procedure may be greatly simplified if the
experimenter has some idea of the expected unit cell type, or there are models from
literature. After indexation, or peak identification, data processing diverges based on the
type of diffraction experiment that is being performed. In the case of a calibrant, any
deviations from the known model are attributed to the sample-to-detector geometry
(assuming a known energy or energy range), and any refinements are performed to
minimize geometry factors rather than unit cell or atomic positions.

Data reduction in single crystal diffraction, commonly known as integration, is the
process of determining the intensity of each indexed reflection from the image data, as
intensities carry information on the crystal unit cell decoration (i.e., the location, species
and occupancy of atoms within the unit cell). The integrated intensities typically need to be
corrected from various intensity dimming and altering effects such as the geometrical
Lorentz factor, the X-ray beam polarization, and sample and environment absorption. The
integrated intensities I, are directly proportional to the squared modulus of the structure
factors Fy:
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where N is the number of atoms in the unit cell, fj the atomic form factor and xj, yj, zj the
atomic coordinates inside the unit cell. The structure factor is a complex number and its
phase information is lost in the modulus. There are several methods to solve this inherent
“phase problem”, the description of which is beyond the scope of the present review. The
Fourier transform of the structure factor provides the electron density function which
allows to determine the atomic location and species within the unit cell and an initial
structure in a process called structure solution. Once a solution is found, least squares
structure refinement is performed by minimizing the differences, 4, between the observed
intensities and intensities calculated from the initial structure:
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where |Fhkl, obs| and |Fhkl, calc| are respectively the observed and calculated structure
factor moduli. The summations are over all observed reflections. In most single crystal
structure refinement programs, refinement is done on F2 values, to reduce bias, and to allow
the inclusion of weak reflections. Single crystal X-ray diffraction is the technique most
commonly associated with X-ray crystallography. The two types of crystallography, due to
the sensibly different number of reflections, also differ in their data processing strategies, as
described below.
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In a powder diffraction experiment, the easiest first order application after indexing is
calculating the unit cell volume, which is important in high pressure experiments for
determining properties such as the material compressibility. This can be done simply
through a least squares refinement based on a number of identified peaks, or can be
calculated in a more sophisticated manner through a refinement process such as a Le Bail
refinement [90]. In a Le Bail refinement, the peak positions are used to determine unit cell
dimensions while disregarding the relative peak intensities. In a further step, called a
Rietveld refinement, the peak positions, peak profile shapes, and intensities can be used in
combination with one another to model the atomic structure of the diffracting crystal, as
well as other quantities such as strain [91]. It is important to note that this is merely a
model, and not a solution; effectively the process refines a model to match the data as
closely as possible. Distortions of the diffraction rings and their broadening can be used to
estimate macroscopic and microscopic strains in the sample as well as the average
coherently diffracting domain size. Incomplete rings denote texture and preferred
orientation. A few textured patterns collected at different sample tilt angles are usually
sufficient to determine the sample pole figure of preferred orientations [87]. Powder
diffraction is most commonly used to identify phases by comparing peak positions and
intensities with those calculated from a database of crystal structures such as the Inorganic
Crystal Structure Database (ICSD) or the Cambridge Structural Database (CSD).

In the case of a Laue diffraction experiment, the indexation is used to determine the
orientation of the unit cell with respect to the experimental geometry. In the Laue case, the
crystal structure is usually known but the crystal orientation is unknown and determined by
refinement from the experimentally observed Laue reflection positions [59,92,93]. The
strain tensor can be determined as well. Laue diffraction is insensitive to hydrostatic
volume expansions; however, it is sensitive to deformations (shear) of the unit cell. By
comparing to an undeformed unit cell, the deformation, or deviatoric strain tensor, can be
calculated from the diffraction pattern directly. The full strain tensor can be determined by
measuring the energy of one reflection providing the dilatational component of the strain
tensor. Material plasticity can also be investigated by measuring the broadening of Laue
reflections [59,94].

Clearly, the above is a very brief overview of the applications of diffraction. In
principle, all data from every angle would be collected to gain a complete picture of all
diffraction from a particular sample. In reality, there are many complicating factors to both
performing diffraction experiments and effectively processing the data. In the next section,
we discuss the most glaring problem in high-pressure research: that all experiments must be
performed in a high-pressure device, which cuts off access to the majority of diffracting
peaks. Additionally, the absorption of many photons by the diamonds, and possibly by the
backing plates, can lead to unusual absorption corrections and backgrounds, which further
complicate data processing, particularly when atomic positions are being calculated.

Appendix B. The Diamond Anvil Cell

The diamond anvil cell (DAC) is one of the most common and versatile high-pressure
devices available today. It is an opposed-anvil device that uses two flat diamonds to apply
pressure to a sample. The first DAC design was reported by Weir et al. [95], but the design
of the device has evolved continuously in the succeeding decades. William A. Bassett wrote
a comprehensive review of the history of the DAC on the occasion of its 50th anniversary
[96]. Briefly, opposed anvil devices such as piston-cylinder presses had been used to
generate pressures of a few GPa prior to the invention of the DAC; however, the DAC was
revolutionary in being able to produce Mbar pressures in a small hand-held device. The
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DAC is particularly useful because diamonds are transparent to a wide range of the
electromagnetic spectrum. Consequently, they allow the user to perform a wide range of
experiments, namely spectroscopy such as infrared (IR), Raman or Mdssbauer,
magnetization measurements (e.g., superconductive quantum interference device
measurements [97]), single and powder X-ray diffraction and pair-distribution function
measurements; this has been written about at length, for instance see Refs. [98—101]. The
type of DAC used is heavily dictated by the type of experimental application. Here, we will
focus on designs applicable to single and powder X-ray diffraction, in both the axial and the
radial direction.

Appendix B.1. DAC Assembly

As mentioned above, the DAC is an opposed-anvil device. A typical symmetric DAC
might look like the one in Figure A2. A procedure for a typical DAC assembly suitable for
diffraction is outlined as follows. Natural or synthetic gem-quality diamonds (~1/4 to 1.2
carat) are attached to rigid backing plates (seats) and aligned in a piston-cylinder device
such that their opposed faced (culets) are parallel and overlap precisely. The sample may or
may not be embedded in a pressure-transmitting medium (depending on experimental
goals) and is placed on the culet surface. A confining ring (gasket) is placed around the
sample/pressure medium to prevent sample extrusion as a function of pressure increase.
The opposing diamond anvil is then placed on top to close the cell, and pressure is provided
by driving the anvils together with one of a variety of mechanisms depending on the
particular DAC design. Two pairs of screws are used in the assembly presented in Figure
A2, but depending on experimental requirements the number and type of screws might
vary. The sample is then probed either axially (e.g., through the diamonds) or radially (e.g.,
through the gasket). In addition to the symmetric DAC, which is best suited for powder
diffraction, there are other types of DAC designs routinely employed at the Advanced Light
Source (ALS), namely the BX90- [54] and Merrill-Bassett-type [55] cells, which can be
used for both powder and single-crystal diffraction. The symmetric cell allows for pressures
in excess of 100 GPa, BX90 cells allow pressures up to 100 GPa, and Merrill-Bassett cells
are usually only suitable below 20 GPa.
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Figure A2. Schematic illustration of a symmetric, Princeton-type diamond anvil cell (not to scale). Opening
angle is 50°-90°. Both left and right-handed screws are used to prevent torque of the cell body. Belleville
washers act as dampening springs when tightening the cell.

Diamond sizes vary, with culet sizes between ~800—100 um typically employed at the
ALS. In some cases, two-staged beveled designs are used, with an outer culet of larger
diameter, and inner culet of smaller diameter; this design allows for higher experimental
pressures compared to a non-beveled design. There are several different diamond cuts in
common use, although modified brilliant cut diamonds are the most common. Alignment of
the diamonds must be done as carefully as possible, with the two opposing anvils precisely
aligned and parallel to one another. Otherwise, cracks can develop, leading to diamond and
(more importantly) experimental failure. In some cases, other materials can be used as
anvils as well. For instance, SiC is sometimes chosen because it can more cheaply be
manufactured as large single crystals, and its vibrational spectrum overlaps different
regions from that of diamond, allowing for different types of experiments than what may be
possible with a diamond anvil [102].

Diamond backing plates are chosen based on the pressure range desired and
experiment type. Typically, these are made out of steel, tungsten carbide, or cubic boron
nitride. In the case of axial experiments, the backing plate design becomes crucial, as its
angular opening will dictate the available Q range of the experiment, where:

4o . (26
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In fact, restrictions on angular access represent the bane of all axial diffraction
experiments, and accounting for this prior to light ever touching a sample can be the
difference between a successful and a failed experiment. Of course, the angular access will
also be affected by the combined height of the backing plates plus the downstream
diamond. Recent design changes in diamond design have mitigated this somewhat; for
instance, Almax has recently developed a design where the diamond is receded significantly
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into the seats, enabling an opening angle of up to 120° at the time of this publication (the
Diacell® One2DAC) [103].

In the case of radial experiments, where the light impinges onto the sample
perpendicularly to the compressional direction of the DAC, the angular opening of interest
is that cut into the side of piston-cylinder assembly of the DAC. There are specific types of
DAC:s constructed for this type of experiment, namely panoramic DACs such as the Almax
Diacell® PanoramicDAC. For instance, in the Almax design, the body of the DAC has three
75° azimuthal openings, allowing access to 225° (out of 360° total) worth of the azimuthal
(e.g., radial) diffraction of the cell. Of course, other manufacturers might have other
specifications, and groups have been known to design and machine their own DACs
depending on their experimental requirements.

Another consideration is the selection of a gasket material, which must be made in such
a manner as to inhibit significant plastic flow during the pressure experiment. In the case of
a radial experiment, this material must also be X-ray transparent. Typically, a gasket of
greater thickness than desired is preindented between the diamonds, allowing excess
material to flow outward. This creates a sort of cup, which serves several purposes: it
provides a measure stability to the diamond tips while the experiment is conducted, and it
creates a sort of barrier to further outward flow. A hole is then drilled in the center of the
preindented region, creating the gasket. The hole size to culet ratio is dependent on the type
of experimental loading desired, which we will discuss in greater detail below. Usually in
axial experiments, the gasket is made out of rhenium, steel, Inconel, or another metal, due
to their stability and the ease with which they can be preindented. In the case of radial
experiments, the gasket must be X-ray transparent, and typically some kind of epoxy
material is used. These suffer from brittleness, making axial experiments particularly tricky.

Two more aspects need to be considered before a sample can finally be assembled: the
pressure medium (or lack thereof) and the pressure standard. Pressure media are used to
provide hydrostatic stress distribution around the sample, since the DAC is otherwise a
uniaxial pressure device. Several types of pressure media exist; these can broadly be
divided into solids, liquids, and gasses. Solids such as NaCl or KCl are chosen because they
are very soft (low bulk modulus), and so behave much more plastically than the sample.
They are particularly useful as they can ensure physical separation between the diamond
and the sample. This is very helpful in the case of high-temperature experiments, as
diamonds are good thermal conductors. The physical separation between the sample and the
diamond then allows the sample to heat up more successfully than if the sample is sitting
directly on the diamond. Klotz et al. [104] compared the hydrostatic properties of a variety
of common liquid and gaseous pressure media and found that at pressures below 10 GPa,
methanol:ethanol mixtures perform extremely well, as they remain liquid (e.g., cannot
shear). Above those pressures, Ne or He perform best. Although He shows the least amount
of non-hydrostatic deviation, it has been found to lead to more diamond failures when used
in high-temperature experiments. It is possible that its small atomic size allows it to
penetrate incipient cracks more easily than a larger atom like Ne might.
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Figure A3. Most common loading styles in a typical diamond anvil cell experiment. Here, insulation refers to
both thermal insulation and pressure media. (a) All powder sample, no insulation. (b) Loosely packed,
dispersed powder. Insulation can be solid (ground in with sample), liquid, or gaseous. Ruby may be present
for pressure determination. (¢) Solid insulation sandwich with compacted powdered sample in the middle.
Note that gasket hole is smaller than in the case of gaseous or liquid insulation due to smaller volumetric
collapse upon loading. (d) Half sandwich insulation: solid layer of insulation on the bottom, compacted
powder on top, gaseous or liquid insulation surrounding the assembly. (e) Compacted powder sample placed
upon a tripod of other material to provide physical separation from diamonds. Rubies, sample, or glassy
material may be used to form the tripod. (f) Small single crystal sample surrounded by gaseous or liquid
insulator. Ruby is present for pressure measurements.

Several different sample assemblies are schematically presented in Figure A3. This is
not an exhaustive list, but does contain most of the common sample loading configurations.
The most basic experiment involves a powder sample occupying the entire sample chamber
(Figure A3a). This configuration was used in early pressure experiments, can be used for
plastic deformation (e.g., Kaercher et al. [105]), and has also been used to prepare samples
for nuclear resonance experiments. A variation of this involves loose, unpacked sample
placed within a gasket hole which is then filled with either liquid or solid pressure medium
(Figure A3b). This type of loading is useful for instance if a sample is highly anisotropic
under differential strain [106], as this allows as many grains as possible to be surrounded by
pressure media. In the case of a heating experiment, solid pressure media may be used to
form a sandwich (Figure A3c); if this case is too non-hydrostatic, an open-faced
configuration may also be used where both solid and gaseous or liquid media are employed
to ensure better hydrostaticity (Figure A3d). The second case, however, runs the risk of the
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sample touching the upper diamond, depending on the combined thicknesses of the
compacted sample and insulator relative to the gasket thickness. Physical separation from
the diamond can also be achieved by means of a tripod, which can be made of rubies as in
Figure A3e, or of small flakes of the sample or other materials that are known not to react
with the sample during the experiment. Finally, in the case of single crystal diffraction, a
small single crystal is usually mounted directly onto the diamond and surrounded by either
gaseous or liquid pressure media (Figure A3f).

One thing to note is that the gasket hole size varies depending on the loading. In the
case of a gaseous or liquid pressure medium, the volume collapse upon compression can be
quite large as the medium undergoes gas-to-liquid-to-solid phase transitions. This
contraction generally leads to gasket instability and collapse. However, the gasket collapse
is a known fact and can therefore be anticipated and planned for. One caveat is that the
following is somewhat anecdotal, based on our experiences preparing these experiments
successfully. We usually find that in the case of gasses or liquids, the gasket hole should be
larger than in the case of a solid pressure medium. Generally, we have found that a hole 55—
75% the diameter of the culet works well for liquids and gasses, and a
33-50% sized hole works well for solids. Since the solid pressure media will also be
relatively soft, the gasket hole is expected to collapse somewhat in all cases, and the sample
size should be smaller than the gasket hole regardless (the only exception being the loading
in Figure A3a, where there is nothing but sample). Typically, we expect about a 1/3
diameter collapse from gas loading. In the case of a single crystal (Figure A3f), the sample
should be significantly smaller than the gasket hole diameter.

Appendix B.2. Pressure Determination

Pressure standards of some sort are employed in all high-pressure experiments.
Pressure determination is crucial for any experiment where the results are intended to be
comparable to other studies. A good pressure calibrant is a material with a well
characterized pressure behavior and which does not undergo phase transitions in the
pressure region of interest. In some cases, pressure media can also act as pressure standards.
Indeed, diffraction pressure scales have been devised and are commonly used for NaCl and
Ne (see e.g., Fei et al. [107]). A distinct pressure calibrant can also be used. These can take
several forms, but commonly fall under the categories of either optical or diffraction
sensors. Among optical sensors, the two most popular ones are the Raman edge of diamond
(at pressures exceeding 20 GPa [108,109]) and the ruby fluorescence scale [110,111].
Diffraction standards include pressure media as mentioned above, materials such as MgO,
and several metals [107,112-115].

Absolute pressure is difficult to measure; it requires knowledge of material density or
volume concurrent with precise knowledge of pressure or compressibility in order to
accurately determine an equation of state. Most pressure standards are derived from shock
compression experiments, where shock and particle velocity measurements can constrain
internal energy, pressure, and volume. Adiabatic shock compression is used to determine
the 0 K isothermal compressibility of a material. Since the thermal expansion at 300 K is
small compared to the compression applied in most DAC experiments, the 0 K and 300 K
compression curves are assumed to be roughly equivalent [116]. An in-depth discussion of
the methodology of shock experiments can be found in [116,117]. A second approach is to
use ultrasonic interferometry or Brillouin scattering combined with density measurements
to determine the elastic properties of materials [118], but these measurements prove
difficult to perform at very high pressures and the equations of state cannot accurately be
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extrapolated beyond the range of the measurement. Otherwise, standards may be derived
from direct comparison to one or more known shock standards [113].

The ruby fluorescence scale is a commonly used optical pressure scale [110,119-121].
A laser is used to excite the R1-R2 fluorescence bands of ruby (Cr-doped Al,O;), whose
frequency shift has been determined as a function of pressure. Broadening and merging of
the bands is an easy indicator of non-hydrostatic stress. One big advantage of this technique
is that it requires a basic laser system setup, and so can be inexpensively implemented
compared to other pressure determination methods. Another is that ruby does not undergo a
phase transition at room temperature until pressures above 100 GPa [122,123].

For many diffraction experiments, pressure is typically determined using the equation
of state of a simple cubic material such as MgO, Au, Pt, NaCl etc. Using the experimentally
determined unit cell volume, the pressure can be derived using an empirical equation of
state. One common approach is to use a mathematical expansion of the Eulerian strain
(where the final, observed state, is a reference) to derive a pressure-volume relationship.
The most commonly used is the third-order Birch-Murnaghan equation of state [124]:

3 Vo b (Vo) 3 . V,
P(V) = 7K, (V—O)* (V—O)* 1+ 7(K, -4 (V—°)3 -1,

where P is pressure, K is the bulk modulus, K’ is the pressure derivative of the bulk
modulus, V is the unit cell volume, and the subscript O refers to ambient pressure. However,
as Angel [125] notes, “there is no absolute thermodynamic basis for specifying the correct
form of the equation of state for solids”. Consequently, one can find many other pressure
formulations, which are based on different assumptions about the relationship between
volume and pressure in a compression experiment. This can lead to challenges in the
intercomparison of experimental works, as different groups will employ different equation
of state formulations and different empirically determined K and K’ values in their work.
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