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Chapter 13

High-Pressure Studies with Microdiffraction
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As one of the fundamental state parameters, pressure plays an essential role
in a material’s structural stability, electronic structure, magnetic transition and
in the formation of new materials which cannot be synthesized at ambient
condition. Materials subjected to mechanical or energetic particles often fail at
one-tenth or less of their intrinsic limits, and we still do not fully understand the
micromechanism for this. Reaching the intrinsic limit of materials performance
requires understanding of the microstructural response under extreme conditions.
Formation and movement of defects can be driven by external stress and
temperature. /n situ probing the deformed microstructure in a real condition
at micro-/nanoscale will dramatically improve our understanding of materials
processes. Stress often alerts the material response dramatically near phase
transition, especially under significant shear stress conditions. Multiple phases
in composite materials and pressure gradient induced inhomogeneity and require
a small volume probe to get local structural information. Since the X-ray
microdiffraction technique was first introduced to the high-pressure community,
it has been widely utilized to solve the above-mentioned problems. In this chapter,
we will give a brief overview of applications of microdiffraction to high-pressure
research.

13.1. Introduction

Typically there are two types of high-pressure devices: large volume press
(LVP) and diamond anvil cell (DAC). The LVP uses multi-anvil design to
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compress samples at the order of centimeter length scale. Coupling with
resistivity heating, LVP provides important access for Earth science studies
with pressure up to 30 GPa and temperature to 3000 K (Weidner et al., 1992;
Zhao et al., 1992; Uchida et al., 2002; Chen et al., 2004). DAC on the other
hand, is the major tool used to study much higher-pressure and temperature-
range phenomena (a few mK to 6000 K) with specialized cryostat and
heating devices (Mao et al., 2001; Eremets and Troyan, 2011; Guillaume
et al., 2011; Huang et al., 2011; Murakami et al., 2012; Sun et al., 2012).
Conditions of the Earth’s center (364 GPa and 5500°C) were recreated in the
lab using DAC (Hirose and Ohishi, 2010). As shown in Fig. 13.1a, LVP can
supply thousands of tons of force to a large bulk sample from millimeter to
centimeter size. Typically, 6 or 8 tungsten carbide (WC) anvils are used
to compress a sample uniaxially or hydraulically. For DACs, typical anvil
culet sizes are from several to hundreds of micrometers in diameter, and a
gasket is used to create sample chamber between two anvils. Figures 13.1b
and 13.1c show the two commonly used DACs, named panoramic DAC

(a)

(c)

Fig. 13.1.  Two types of typical high-pressure devices. (a) The LVP; (b) a two-fold design
panoramic DAC; (c) a symmetrical DAC; and (d) a zoomed-in view of the diamond anvils
and sample chamber.
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and symmetric DAC. The zoomed-in anvil tip and gasket part are shown in
Fig. 13.1d.

Pressure drastically changes materials’ properties (Bridgman, 1949;
Basic Research Needs MuEE, 2007). High-pressure structure study has
been largely promoted with synchrotron-based diffraction techniques.

The quality of measurement under compression is governed by the
size of analytical probe relative to the size of the samples. The standard
submicron scale probes using focused electrons, ions or surface contact
techniques require a low-pressure environment (or near vacuum), and the
probe particles (electrons and ions) will be largely absorbed by diamond
windows. Optical probes are often used to access the high-pressure sample
through diamond windows with the limitation to about 1 um due to the
diffraction limit of the optical wavelength. High energy X-rays have been
utilized as a powerful tool to probe the high-pressure sample through
diamond windows or X-ray transparent (for example, beryllium) gaskets
for in situ studies. Hard X-ray diffraction (XRD) with the short wavelength
and large penetration depth has been the primary probe tool for high-
pressure research. The availability of microdiffraction plays the key role
on the ultra-high-pressure research, for instance, in determining new
high-pressure phases (Vailionis et al., 2011), inhomogeneity of sample
(Ding et al., 2012), stress/strain gradient (Klepeis et al., 2010), texture
evolution (Merkel et al., 2007) and so on.

13.2. Ultra-High Pressure and Pressure Gradient

As pressure is defined as force per unit area, the higher the pressure, the
smaller the sample area one can apply. Typically, high-pressure diffraction
beamlines have a focused beamsize of around 5-20 um (full width at half
medium (FWHM)). For ultra-high pressure (multi-megabar), the culet size
is about 10-20 m (Wang et al., 2010). In such cases, it is hard to get clean
data without gasket contamination.

Figure 13.2 shows one application where 18 um culet-size diamond
anvil and multiple samples were loaded in the same sample chamber. With
a 600nm focused beamsize, one can clearly distinguish the absorption
contrast from Fe, Ptand W in Fig. 13.2a. The circular ring shadow outside of
the sample chamber indicates the gasket absorption. For such an application,
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Fig. 13.2. Microdiffraction on ultra-high-pressured sample. Two-dimensional (2D)
absorption map of multiple samples in a symmetrical DAC (a) and the pressure gradient
measured with 600 nm and 5 um beamsizes (b).

we performed the microdiffraction comparison with both 5 um and 600 nm
beamsize from the center of the culet to the outside of the gasket, as
indicated by the black arrow. Based on the known samples’ equation of
state, one can determine the pressure at the probed location. Figure 13.2b
displays the pressures measured with two different beamsizes. There is
a sharp pressure drop from the center of the culet to the edge from the
submicron beam diffraction, but it is not sensitive from the 5 um beamsize
diffraction. It is important to measure the crystalline structure information
at a narrow pressure range, especially for those structural transitions at the
ultra-high-pressure region as often the high-pressure phase is mixed with a
low-pressure phase and it is hard to determine the transition boundary. With
submicron beam diffraction capabilities, we expect to get clean diffraction
data at pressure towards the diamond limit.

13.3. Radial Diffraction and Material Strength Measurement

Most commonly used pressure media (liquid methanol-ethanol mixture;
argon, neon, helium gases) will be frozen above 12 GPa, and only provide
a quasi-hydraulic pressure environment for samples. Routinely, DAC can
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Fig.13.3. High pressure radial diffraction setup. (a) the diamond anvil, sample and detector
configuration; (b) typical integrated intensity as a function of 2 6 and azimuth angle 8 with
large elastic anisotropy.

provide pressure to several hundred gigapascals. Most materials have large
anisotropic elastic behavior, which will respond quite differently under
external stress along different lattice planes. This property can be used
to measure the elastic constants under uniaxial compression by utilizing
the so-called radial diffraction method (Chesnut et al., 2006; Merkel
et al., 2007; Kavner, 2008; Klepeis et al., 2010). The experimental setup
is illustrated in Fig. 13.3. Instead of penetrating through the diamond
windows, the X-rays go through a light element gasket (like beryllium)
and an area detector is used to record the 2D diffraction patterns. The
diffraction ring for the same lattice dpy) will look like the wavy curve along
the azimuth angle 8, which means this lattice parameter changes at different
d angle. The lattice d-spacing measured with radial diffraction follows the
equation:

dy (hkl) = dp(hkD)[1 + (1 — 3 cos’ 8) Q(hkl)) (13.1)

where dp (hkl) is the measured d-spacing at azimuth angle 3, dp(hkl) is
the hydrostatic d-spacing, which is usually used for equation of state
measurement, § is the azimuth angle and Q(hkl) is a function of the
elastic constants. At the magic angle 8 = 54.74°, dy, (hkl) = d,(hkl) and
the deviatoric stresses will be removed from the data. In order to apply
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Eq. 13.1 to radial diffraction data, the sample chamber needs to be very
small compared to the diamond culet, and the probing beam also needs to
be small. The limitation of Eq. 13.1 has been addressed by Matthies et al.
(2001).

The pressure gradient along the radial direction is largely related to
the material shear stress o,. The yield stress, Y, is considered as twice
of the shear stress, o, (Klepeis et al., 2010) and follows the following
approximation:

Y = 20,. ~ h(dP/dr) (13.2)

Here h is the sample thickness and dP/dr is the pressure gradient along the
radial direction. The measurements of sample thickness and pressure across
the radial direction can be performed by combining micro-beam absorption
and diffraction methods. Typically, the sample thickness is around 20 um
and the X-ray energy is above 20keV. The thickness can be calculated
based on the density absorption of the studied sample as:

h =log(Io/11)/(1p) (13.3)

Here the Iy and I; are the X-ray intensities before and after the sample is
monitored by two ion chambers, and W is the mass absorption coefficient
and the p sample density. Furthermore, | is a constant at a fixed X-ray
energy, and p changes with pressure and can be calculated based on the unit
cell volume obtained from diffraction data. This method was first proposed
by Meade and Jeanloz (1988) on MgO, and followed by Klepeis et al.
(2010).

13.4. Microdiffraction on Course Grain Powder Sample

High-pressure diffraction usually uses either angle-dispersive X-ray diffrac-
tion (ADXD) with monochromatic beam and area detector or energy-
dispersive X-ray diffraction (EDXD) with white-beam and point detector.
Both methods can be used for powder or single-crystal structural determi-
nation. For powder diffraction, one needs fine grain size to obtain good
statistic diffraction intensity; for single-crystal diffraction, on the other
hand, preferably only one grain is illuminated by the incident X-ray beam.
Often, we encounter course grain powder. In those cases, one cannot get
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Fig. 13.4. Comparison between large beam and micro-beam diffraction on high pressure
samples. A regular 5 um beam powder diffraction and submicron white-beam Laue
diffraction on the same course powder sample are shown in (a) and (b), respectively.
Submicron beam diffraction can also probe the two variants of rhombohedral distorted
domains from the same sample.

reliable powder diffraction intensity, nor single-crystal diffraction with
several microns beamsize. With a switchable white/monochratic beam
setup, one can combine both white-beam Laue diffraction and energy scan
to achieve full information of individual grains (Ice et al., 2005). Another
approach is rotating the sample along the axis perpendicular to the incident
beam, and combining the monochromatic angle-dispersive diffraction data
at many angles to extract structural and deformation information (Nisr
et al., 2012). Inserting course powder sample to submicron beamsize, one
can pick up only a few grains to study the crystalline symmetry and refine
the intensity. As an example shown in Fig. 13.4, the regular 5 um beamsize
powder diffraction on a calcium sample in a DAC shows a very spotty
pattern (Fig. 13.4a). When we put the same sample into a microdiffraction
beamline, we only observed a few diffraction spots, which indicated only
a few grains were illuminated by the X-rays.

Switching to white beam, we can identify the Laue pattern from one
grain as indexed in Fig. 13.4(b), which allowed us to study the space-
group and lattice parameters. Calcium has been reported to have the highest
critical temperature among elemental superconductors, but the structure
keeps at a simple cubic lattice up to 119 GPa, which is not favorable for
the total energy minimization. The application of microdiffraction to the



Strain and Dislocation Gradients from Diffraction Downloaded from www.worl dscientific.com
by SHANGHAI JAOTONG UNIVERSITY on 04/14/17. For persona use only.

High-Pressure Studies with Microdiffraction 445

calcium sample under high pressure for the first time confirms the structure
undergoes a simple cubic to rhombohedral distortion by distinguishing the
small deviation of lattice parameters from the two adjacent domains, as
shown in the insert of Fig. 13.4c (Mao et al., 2010). In powder diffraction,
one can only expect a small peak broadening effect, which is not enough to
identify the new phases. With much higher d-spacing resolution from the
single-crystal diffraction method, it may come to routine procedure to
identify the small change for submicron scale domains in high-pressure
research. By making a raster scan on the micron scale single or multigrains,
one can also view the diffraction contrast image by selecting one reciprocal
lattice, similar to the transmission electron microscope (TEM) bright/dark
field imaging. The applications to a twin domain and nanobelt show the
advantage of the microdiffraction technique clearly (Wang et al., 2011;
Ding et al., 2012).

13.5. Three-Dimensional Orientation and Strain Mapping
of Diamond Anvils Under High Pressure Using DAXM

In Chapter 2, we introduced the differential aperture X-ray microscopy
(DAXM) technique to gain submicron spatial resolution along the X-ray
penetration direction (Larson et al., 2002). This method can be applied
to DAC studies too. Under ultra-high pressure, the anvils themselves are
under extreme strain and strain gradient. Understanding the strain and
lattice orientation distribution in both anvils near the tips will provide us
with important guidance to optimize the anvil design so that we can reach
an even higher pressure limit. We have adapted the DAXM configuration
for allowing the differential wire to access the inside of the DAC and
scan the wire in the horizontal plan just above the beryllium gasket,
as shown in the upper left corner of Fig. 13.5. The beryllium gasket
is 3mm in diameter, the wire used is around 250 um in diameter, and
detector is set at 500 mm above the sample. By moving the wire with 1 um
step size, one can obtain 2 um depth resolution. As one can expect, the
anvils under 55 GPa have enormous elastic strain and lattice bending. Four
typical white-beam Laue patterns at four sides of the anvil are shown in
Fig. 13.5 — the highlighted dots represent the locations where the DAXM
is run. The DAXM scans were applied to the central line, which created
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Fig. 13.5. A DAXM application to diamond anvil orientation and strain distribution
mapping under high pressure. Upper left: the experimental configuration, including a
differential wire moving above the beryllium gasket and an area detector for collecting
2D Laue diffraction patterns. Center: the X-ray probed locations on the anvil surface; four
typical diffraction patterns at four edges of anvil showing a large lattice rotation of diamond
anvil under 55 Gpa maximum pressure near the center of the anvil. Lower right: the 2D
orientation map of both anvils under 55 GPa pressure.

a cross section plan through the highest pressure center. The orientation
map of the surface normal (001) direction is shown in the lower-right
corner. From that, one can see clearly the rotation center of the two
anvils.

The unindexed line between two anvils indicated the gap from the
beryllium gasket. Fitting the measured curvature to a finite element method,
one can calculate the local strain distribution, and understand the critical
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point when the diamond anvil breaks. This will provide the necessary
revolutionary information for next-generation diamond anvil design to
reach new pressure limits.

13.6. Outlook

Submicron beam X-ray diffraction is a powerful tool for modern ultra-high-
pressure research. It provides us with a great tool with which to study the
microstructure of materials under extreme condition in the following:

1. Multiple samples in the sample chamber;

2. Detailed mapping of strain gradient;

3. Higher resolution of lattice parameter determination;
4. Single-crystal study in a coarse powder sample.

Coupled with the newly developed three-dimensional (3D) DAXM method,
one can expect to study the detailed microstructure at interfaces between
different oriented crystals and/or different phases, the solid—liquid interface
during the melting process and chemical reaction under extreme conditions.
This technique would be especially useful to probe the evolution of
microstructure during pressure-induced phase transition, and pressure-
induced lattice/orbit/spin ordering. With the continuous development on
the micro-/nanoscale diffraction methods, we expect to achieve atomic-
scale understanding of materials responses under extreme conditions.
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