Opportunities for high pressure science
with brighter, smaller x-ray beams
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Pressure changes everything
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Diamond anvil cell

s Pressure: ambient to > 600 GPa

(1 GPa= 10,000 bar)
m Temp: mKto 6000 K
= Sample size: < 0.001 mm?3

= Compatible with many in-situ

probes

Laser &
Resistive
heating

Force

]

SO AN

Gasket

Culet

__ Sample

chamber

I




Diamond anvil cell

Pressure: ambient to > 600 GPa
(1 GPa= 10,000 bar)

Temp: mK to 6000 K
Sample size: < 0.001 mm?

Compatible with many in-situ
probes




In-situ high pressure studies > 10keV

Penetrate the pressure vessel to reach the

Axial

2x25m
diamonds

sample \
« optical probes can be limited depending on W, A\

quality of window and sample (diffraction limit) Q I

Be gasket

e vacuum probes (vuv, soft x-ray, electrons & S Fdial

lons) are excluded. > 2 mm Be

: >5 keV

* neutrons require larger volumes 4 N
e X-rays, axial direction need > 10 keV, radial N\ /4

need > 5 keV
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seats
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Advantages of synchrotron X-ray techniques

 Small, penetrating, bright x-ray beams
 Tunable wavelength
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XES, XAS, XRS XS
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High Pressure Synergetic Consortium

at theAdvanced Photon Source

Mission:

Develop high risk, high
return, high pressure
synchrotron science and

technologies

_MEC _ Current focus of activities is
new science and novel HP-SR
techniques

Nano imaging (TXM),

Coherent diffraction imagine (CDI)

High energy scattering (PDF)

High energy resolution (HERIX, MERIX)
Various novel spectroscopy

Time resolved (Shock wave, XPCS)
Magnetic study (XMCD)



The APS-MBA upgrade and
Its Impact on high pressure science

A hundred-fold increase in source brightness



Reaching ultrahigh pressures depends
upon extremely small areas
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Dubrovinsky et al. Nature Comm. (2012)
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A =300 um, B = 30um, €= 8.5 to reach 300 GPa
Mao (1980)

Characterization depends on
sub-um x-ray probes with sufficient flux.



Pressure (GPa)

Usmg submicron focused x-ray beam we can...
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Advantage of 100X higher brightness
for ultrahigh P-T experiments

Would enable for example:

<-Rapid experiments on a transient high P-T sample
<>Probing a single crystal in a polycrystalline aggregate
<-Study of light elements under extreme pressure

<>Characterization of um sized sample at multimegabar
pressures



*Geophysical observations

* High P-T experiments

Theories, Models &
Interpretations

Materials properties

Core Study
Inner core
anisotropy?
Super-rotation?
Magnetism?

Core dynamo?
Composition?
Temperature?

CMB reactions?
Partitioning?
Anisotropy?
Melting?




Understanding Iron at Earth’s
Core Conditions

Grand challenge of deep Earth research

...limited by the existing tools



Francis Birch
demonstrated the
core is mainly Fe
(1952, 1961)

Gt Fiand e oulsr core  innsd core  Lefimann
Dizoo rlinuty

Richard Dixon Inge Lehmann
Oldham discovered discovered the
core (1906) inner core

(1936)



Crucial knowledge of Fe Is still missing
at core P-T

<-Phase diagram and crystal structure
<> Elasticity and elastic anisotropy

<> Rheology and strength



Despite of major efforts...
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Double-sided laser-heating was
iInvented to study Fe melting

Double-sided laser heating: 1000 — 6,000K
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Crucial knowledge of Fe Is still missing
at the core P-T

<-Phase diagram and crystal structure
<> Elasticity and elastic anisotropy

<> Rheology and strength
< ...

MBA upgrade may provide the long-awaited
tools for measuring these properties



The Structure of Iron in
Earth's Inner Core

Shigehiko Tateno,™** Kei Hirose, ™** Yasuo Ohishi,® Yoshiyuki Tatsumi®
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Fe has been studied at
the P-T of Earth’s inner
core, but the data
guality is limited.

100X higher brightness
will provide sufficiently
high-quality data to
clinch the answer.



Sound velocity of Fe at core pressures

Intensity [a.u.]

Energy [meV]

Fiquet et al., Science (2001)
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from IXS measurements

Powder sample only
yields bulk sound
velocity information
with uncertain error
In assumption of the
sine function.

| Sub-pm probe will

allow selection of a
Lm-sized Fe single
crystal for full phonon
dispersion & elasticity
determination.



Coherent Diffraction Imaging of Nanoscale
Strain Evolution Under Pressures

Successful CDI has been
demonstrated for 3D
strain determination of a

rv———— model nano-Au crystal
0.8 GPa — up to 6 GPa.

L X1

1.7 GPa 3.2 GPa

100X brilliance & improved
@ coherence will enable
similar studies of nano-Fe
i B i il T to megabar pressures.
Strain vs. pressure O

W. Yang et al Nature Comm. (2013)
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Strength of iron at core pressures and evidence for A_E. Gleason™ and W. L. Mao'2
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TXM study of core formation

Percolation of liquid iron
alloy through solid

g . . :ﬁ:\" = -
silicate matrix iIs one =
possible mechanism

K
5.1pm “ —0./pm
i’_i'g_ad_ipac{stal

_ _ D. J. Stevenson, In: Origin of the Earth, 231-250 (1990)
C. Shi et al, Nature Geoscience (2013)



3D reconstructions of high P-T samples

25 GPa 39 GPa_ggm

A

Percolation study is based
on TXM imaging of
samples quenched from
high P-T.
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New materials at high pressure

 HP discoveries of novel materials and phenomena



Grand challenges in high pressure
energy materials

< Metallization of hydrogen

<Room temperature superconductivity
<> Structures under extreme pressure
<Bonding under extreme pressure

MBA upgrade enables the critical
tools for addressing these areas



Metallic Hydrogen
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Evidence for Metalhzatlon by Band Oveﬂap Paul Loubeyre*, Florent Occelli* % René LeToullec*t wal Laboratory, Camegie Institution of Washington, 5251 H{rfiui Brzmcﬁ Road NW, Washington D.C. 20015, USA
(Received 26 December 2011; published 3 April 2012)

H. K. Mao AND R. J. HEMLEY * Département Physigue Théorique et Applications, Contmissariat o UEnergie Diamond-anvil-cell techniques have been developed to confine and measure hydrogen samples under
Arowigue, 1680, Brigyéresle-Chdtel, France

' ? - ’ ) ) static conditions to pressures above 300 GPa from 12 to 300 K using synchrotron infrared and optical
Direct optical observations of solid hydrogen to pressures in the 250-gigapascal (2.5-  + Université Pards 6, PMC, 4 place Jussiew, 75252 Paris, France absorption techniques. A decreasing absorption threshold in the visible spectrum is observed, but the
m:gahar) range at 77 K are reported. Hydrogen samples appear nearly opaque at the . . .
of absorption and Raman spectra provide evi material remains transparent at photon energies down to 0.1 eV at pressures to 360 GPa over a broad
dence that electronic excitations 1.n the visible region begin at ~200 gigapascals. The temperature range. The persistence of the strong infrared absorption of the vibron characteristic of phase
optical data are consi with a band-overlap mechanism of metallization. 111 indicates the stability of the paired state of hydrogen. There is no evidence for the predicted metallic
state over these conditions, in contrast to recent reports, but electronic properties consistent with
semimetallic behavior are observed.

Solid hydrogen
evidence for an alkali metal

Chandrabhas Narayana*, Huan Luo*t, Jon Orlofft
& Arthur L. Ruoff*

* Department of Materials Science and Engineering, Cornell University, Ithaca,
New York 14853, USA

$Institute for Plasma Research, University of Maryland, College Park,
Maryland 20742-3511, USA

Metallization at
>500 GPa?
Crystal structure?
Phase diagram?




XRD of H, Phase |

Synchrotron X-ray Diffraction Measurements of
Single-Crystal Hydrogen to 26.5 Gigapascals 1ggq

H. K. Mao, A. P. JEPHCOAT, R. J. HEMLEY, L. W. FINGER, C. S. ZHA,
R. M. Hazen, D. E. Cox
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Temperature

Phase diagram of hydrogen

Atomic fluid

Maolecular fluid

Pressure

W. Mao, Nature Materials (2015)

Multiple high P-T phase
transitions have been
observed by Raman
spectroscopy and have
been predicted by
theory, but their crystal
structures remain
unknown.

With 100X brilliance we will
be able to observed XRD
from the very light
hydrogen, and determine
Its structure.



Reaching higher Tc
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New Record
Tc = 203 K >150 GPa

Drozdov et al., online (arxiv)
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Reaching higher Tc

Astonishingly high T. was
reported online Dec 2014,
but not yet published -
composition and structure
iInformation still needed

100X brilliance would enable
determination of crystal
structure and composition.

0

New Record
Tc = 203 K >150 GPa

Drozdov et al., online (arxiv)
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Free Electron Metal to Insulator

Semiconducting Li above 80 GPa Transparent Na ~200 GPa
Matsuoka & Shimizu, Nature (2009) Ma et al, Nature (2009)
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Phase diagram of light alkall metals

1000

Very complicated phase
diagrams are observed
In ‘simple’ alkali metals
at high pressure.
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100X brilliance will
enable the extension

200 +

|

(N e oo\ oo phase diagram to the
L Intriguing insulating and
Pressure (GPa) transparent phases.

Na phase diagram, Gregoryanz et al, PRL
(2005); Science (2008)

Li phase diagram, Guillaume et al, Nature
Physics (2008)



New Carbon Allotropes
at High Pressure

Bonding changes in light elements
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Energy (eV)
X-ray raman of graphite at high pressure shows the
evolution of bonding and transformation to a new,
superhard phase

W. Mao et al, Science (2003)

sp? bonds in glassy carbon compressed
into sp3, creating a new superhard
amorphous diamond

Lin et al., PRL 107, 175504 (2011)
Niu et al., PRL 108, 135501 (2012)

60.1 GPa

Solvated Cy,
compressed into a
superhard crystal made of
clusters of amorphous C.

)
O
>

Wang et al, Science (2012).



Bonding changes in planetary interiors

« Change from three to four
coordination in carbonates above
80 GPa from IR and quenched
samples

o[ o o | .
| ‘ ;o ; * Impact on carbonate behavior
o || _571, T — Elasticity

N A A A — P-T-x stability

N i o el
500 1000 1500 2000 2500 3000 SO0 1000 1500 2000 2500 3000

et e — Reactivity with other mantle
T phases

— Properties of melt (e.g. viscosity)
« Can we measure bonding at very

high pressures and
temperatures?

Abscrba

Boulard et al, Nature Comm. (2015)




week endin

PRL 107, 175504 (2011) PHYSICAL REVIEW LETTERS 21 OCTOBER 3011

Amorphous Diamond: A High-Pressure Superhard Carbon Allotrope

Yu Lin,"* Li Zhang,” Ho-kwang Mao,” Paul Chow,” Yuming Xiao,” Maria Baldini,* Jinfu Shu,” and Wendy L. Mao'”

X-ray Raman spectroscopy of
the carbon K-edge shows
pressure-induced bonding
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= changes of sp? to sp?®.
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expect dramatic changes.
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Outlook for high P-T experiments

100X Dbrilliance can be used for transformative advances in
energy, spatial, and temporal resolution of HP-SR techniques

e Nano-XRD
Time-resolved XRD and XAS

Near & extended edge x-ray absorption & emission
spectroscopy

Resonant & non-resonant inelastic x-ray scattering
spectroscopy

Nano tomography



Outlook for high P-T experiments

The new generation of HP-SR techniques enable the
full investigation of crucial properties and behavior

« Crystallography to inner core P-T, high P- variable T
phase diagrams

e Site occupancy, bonding, charge, partitioning,
electronic and magnetic structures

 Dynamics of phase transitions and melting

« Melt density, viscosity, and transport



Outlook for high P-T experiments

The resulting knowledge will allows us to address
fundamental questions in a wide range of research areas

e Deep Earth

« Crystal structure, texture, and rheology of the inner core

« Core formation and separation from the mantle

« Composition and temperature of the outer core

« Origin of the D” layer — boundary between mantle and core

 Energy Materials

* Developing materials for a wide range of energy applications —
superconductors, hydrogen storage, batteries, superhard
materials, photonics, etc.



Outlook for high P-T experiments

...also many opportunities in other high pressure
research areas, also dynamic compression



Thank you!



