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• 10-17 Pa,  intergalactic voids 
• ~10-7 Pa, APS storage ring 
• ~ 5 GPa graphite turns to diamond 
• ~ 10 GPa, at ambient T, He, H, Ne are solids 
• ~360 GPa Earth’s center 
• 500 GPa, hydrogen becomes a stiff metal 
• 1013 Pa Jupiter interior 
• 1016 Pa Sun’s core 
• 1034 Pa inside neutron star

Pressure in the universe

 
 
 
 
 
 

  

Fig. 1. Experimental/theoretical P-T 
phase diagram of hydrogen. Shown 
are two pathways to metallic 
hydrogen, I the low temperature 
pathway and II the high temperature 
pathway. In pathway I phases for pure 
para hydrogen have lettered names: 
LP (low pressure), BSP (broken 
symmetry phase) and H-A (hydrogen-
A). The plasma phase transition (PPT) 
is the transition to liquid metallic 
atomic hydrogen. 
 

Fig. 2. Photographs of hydrogen at different stages of compression. Photos were taken with an iphone 
camera at the ocular of a modified stereo microscope, using LED illumination in the other optical path of the 
microscope. (A) At pressures to 335 GPa hydrogen was transparent. The sample was both front and back 
illuminated in this and in B; the less bright area around the sample is light reflected off of the Re gasket. (B) 
At this stage of compression the sample was black and non-transmitting. The brighter area to the upper right 
corner is due to the LED illumination which was not focused on the sample for improved contrast; (C) Photo 
of metallic hydrogen at a pressure of 495 GPa. The sample is non-transmitting and is observed in reflected 
light. The central region is clearly more reflective than the surrounding metallic rhenium gasket. The sample 
dimensions are approximately 8-10 microns with thickness ~1.2 microns (27).  
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Metallic hydrogen
Dias & Silvera, Science, 2017

Duffy, Nature, 2011



The composition, structure and evolution of the environment we live in 
depends on processes occurring deep inside the Earth. For instance,  
• the atmosphere and the oceans (at least in part) were originated from the 
planet outgassing;  
• ores formation in most cases occur at some depths; 
• volcanoes and earthquakes can originate at great depths. 
Large and small impacts are critical to planets formation and history. 
Extraterrestrial planets differ in whole composition and size but also in 
differentiation history. In order to understand their nature we must learn what 
phases might constitute their interiors.  

Geo & planetary science



• “As a core part of the NNSA’s advanced science and technology portfolio, the Office 
of ICF is working to produce thermonuclear burn conditions in the laboratory, to 
develop laboratory capabilities that will create and measure extreme conditions of 
temperature, pressure, and radiation of relevance to nuclear weapons, and to 
conduct weapons-related research in these environments.” (nnsa.energy.gov) 

• NNSA supports large scale facilities where high-pressure research is being 
conducted and scientific opportunities are available.

National Security

Z-pinch machine, SNL

NIF’s 192 laser beams routinely creating temperatures and pressures 
similar to those that exist only in the cores of stars and giant planets and 
inside nuclear weapons.https://lasers.llnl.gov/about

Z has so much energy that it can melt diamond, and in melting diamond 
to a puddle, Z scientists have been able to understand the material’s 
various states – from solid to liquid, with a mixed state in-between.
http://www.sandia.gov/z-machine/

NIF, LLNL

http://nnsa.energy.gov
https://lasers.llnl.gov/about


Pressure is a powerful tool to change properties and design materials. 
Areas of research include: 

• superhard materials, 
• superconductors & other materials with interesting electronic properties, 
• high-energy-density materials and hydrogen storage, 
• nuclear waste storage.

Material science

Biology and medicine

• pressure aided synthesis of pharmaceuticals 
• food preservation 
•  life at high pressure



Understanding the behavior of matter at extreme conditions 
broadens and deepens our fundamental physics and chemistry 
knowledge. By applying pressure we can add extremely high 
energy to a system, dramatically affecting all physical and chemical 
properties. High pressure studies include:  
• equilibrium phase diagrams and metastability, 
• deformation (from atomic scale to bulk) in hydrostatic and non-

hydrostatic conditions, 
• electrical and magnetic properties, 
• bonding and chemistry at extremes conditions.

Fundamental Physics & Chemistry



Static
•the diamond anvil cell, with 50+ years of history is by far the 
most common device 

•large volume presses 
•Paris-Edinburg cells 

 Dynamic
• gas guns, powder guns 
• laser shock

High Pressure generation: common devices

High-Pressure Generation and Pressure Scales ⌅ 163

Figure 6.1 Typical pressure and temperature ranges accessible by various high-
pressure techniques.

hydrostatic or pseudo-hydrostatic limit, but its stability and chemical inertness
(unless we plan reactivity or synthetic studies) are also important. An addi-
tional desirable requirement is that the transmitting medium would provide
no signals that affect the measured property or, at least, such signals would
be easily identifiable and separable from those of the sample under study.

A initial classification of HP techniques can be established by dividing them
into static and dynamic types. Static and dynamic experiments are comple-
mentary approaches, but the two techniques operate at different time scales
and within different pressure-temperature ranges, so their results are some-
times difficult to compare directly (see Figure 6.1).

6.2.1 Static Pressure Techniques

The vast majority of techniques used in both academic laboratories and in-
dustrial facilities fall within the static category. Some general and schematic
designs of some generic static-pressure devices are shown in Figure 6.2. With
the exception of the DAC, we shall briefly discuss here some general aspects
of the static techniques, and we refer the reader to specific monographs that
treat each static device in more detail [7, 8].

The so-called piston-cylinder type HP cell system is one of the most obvious
methods of pressure generation and provides good hydrostatic conditions for

An Introduction to High-Pressure Science and Technology, edited by Jose Manuel Recio, et al., CRC Press, 2015. ProQuest Ebook Central,
         http://ebookcentral.proquest.com/lib/unlv/detail.action?docID=4067548.
Created from unlv on 2017-08-11 18:47:14.
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the sample chamber between opposing diamonds

The diamond anvil cell

The DAC is a small device that can generate pressures up to 1000 GPa. 
Temperatures range from few degrees K to several thousands degrees K 
It is the most versatile instrument, with a range of designs that better suite 
experimental conditions and probing techniques.  
Several techniques are compatible exclusively with DACs. 
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Figure 3. Schematics of a new diamond cell accommodating binding ring supports for conical anvils. The cell is a
piston-cylinder device with the upper part of the cell body forming the cylinder and the upper binding ring assembly
the piston. The four sealing screws are for gas loading. The outer diameter of the cell body is 56 mm and is compatible
with many designs of gas-loading devices. The collimator is machined from hexagonal boron nitride and is self-aligning
relative to the diamond.

have been achieved and refinable neutron-diffraction data have been measured under these
conditions.

2.2. New cell design

In this work, we employed two different diamond cell designs. The first was an existing panoramic-
type DAC,[6,7] initially developed for inelastic X-ray measurements, which has a very large
unrestricted transverse aperture of ∼140◦. The second is a new design, which has the larger inner
diameter required to accommodate the PCD seats. The new cell is shown in Figure 3, along with
the details of the anvil support arrangement in these. We note that both cells are also compatible
with existing high pressure gas-loading systems used for conventional DACs.

For the large culet sizes used for neutron diffraction, the screw mechanisms commonly used
to apply the force for DACs are insufficient for the high loads required. Still, both of the designs
utilize four screws to apply a sealing load and reach pressures <10 GPa (depending on culet
size). To provide higher forces, two presses have been used. The first was a commercial VX5-
type Paris-Edinburgh Press [8] driven by hydraulic fluids or gases and capable of delivering
up to 150 metric tons of force. As such, it is substantially over-specified for our load require-
ments and has other disadvantages including limited axial access to the cell and a substantial
mass.

A second press was built especially for the neutron applications using both cells described
above. It comprises a simple two-plate frame, held by four tie-rods (Figure 4). In this case, the
force is delivered by a specially designed steel “double-membrane” providing closely linear force
generation of ∼0.05 metric tons per bar for gas or fluid pressures of up to 200 bar. Similar designs
have been used before [3,9] and allow for remote control of pressure and, through the use of a large-
volume fixed-temperature buffer, can maintain a stable load during cooling. Although the stroke
provided by the membrane of <1 mm is relatively short, it is easily sufficient to accommodate
thinning of the gasket (∼100 µm) and stretching of the tie-rods. The new press design also provides
axial access to the cell and permits exchange of neutron collimators while the cell is under load.
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High Pressure Research 547

DACs have been published up to pressures of 43 GPa [2] (also see Ref. [3] and references therein)
but these small volumes have limited the measurement to individual, strong diffraction peaks
measured at long neutron wavelengths. These low energy neutrons are readily shielded and col-
limated allowing for exceptionally low backgrounds and easier focusing. However, the resultant
highly restricted access to reciprocal space prevents quantitative determination of structure.

In the present work, we report the development of two new designs of strongly supported conical
diamond anvils with culets ranging from 1.0 to 1.6 mm in diameter. These permit pressurizing of
samples with volumes ranging from 0.02 to 0.06 mm3 up to at least 94 GPa. We also show the
implementation of this technique at the Spallation Neutrons And Pressure (SNAP) diffractometer
at Beamline 3 of the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory, USA,
to obtain refinable neutron powder diffraction data up to the same pressure. In addition to the
substantial increase in pressure, the use of DACs opens up new possibilities for simultaneous
spectroscopic measurements and for high temperature work using laser heating and for gas loading.
Moreover, the relatively small forces required to achieve these high pressures allows the use of
compact double-membrane presses that may be more readily cooled than larger hydraulic devices.

2. Conical anvil design, cell design and neutron instrument geometry

2.1. Strongly supported anvils

In almost all conventional DACs, the anvil is a single-crystal diamond with parallel flat surfaces
(typically perpendicular to the [100] direction) forming the culet and table with the flat table
resting on a flat cylindrical seat usually made of tungsten carbide (WC). Due to the small culet
size and the low force required, the areal ratio between table and culet is large enough to not exceed
the strength of the seat material. However, for neutron diffraction, much larger samples and culets
are needed and for a required culet/table ratio, diamonds become unaffordable. Goncharenko
et al. [4] circumvented this problem by using large sapphire anvils for sample sizes of nearly
0.1 mm3 but this limited the maximum pressure to below 20 GPa (Figure 1). Thus, increasing the
pressure range would require either very large diamond anvils or a stronger seat material. We
found that for conventional flat diamond supports both of these possibilities were unsuccessful.
By replacing WC with sintered poly-crystalline diamond (PCD), stress concentrations on the anvil

0.01 0.1 1
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Sample volume (mm3)

Sapphire Cells

Conventional DAC

Present design of DAC

Figure 1. Open symbols are for conventional diamond (open triangles) and sapphire (open squares) anvils used with flat
seats (figure is adapted from Goncharenko et al. [4]). Solid symbols show comparable maximum pressures and volumes
for the present, conically supported DAC designs described in the text.
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Much increased sample volume in 
DACs were developed for neutron 
experiments.  
Boehler et al. High Pressure Res., 2013

material at the surface of the nanodiamond grains causes this broadening
(Fig. 4E, curve 3) as compared to pure graphite (Fig. 4E). We have not
quantified the sp2 to sp3 ratio because the datawere not acquired under the
so-called magic angle conditions needed for quantitative interpretation of
EELS signals from anisotropic materials, like graphite, meaning the area
under the p* peak is dependent on the amount of sp2 carbon in the probed
region and orientation of the specimen. The color map is displayed as a
qualitative map showng the presence of sp2 carbon at the surface of the
nanodiamond grains.

It is worth mentioning that the thickness of the grain boundaries in
the NCD is comparable with the thickness of a single layer of graphene,
which is normally approximately 0.35 nm. The transparency of the
single layer of graphene is approximately 96.4% (for the two layers,
it is still 92.7%) (see, for example, www.tedpella.com/Support_
Films_html/Graphene-TEM-Support-Film.htm; PELCO Graphene
TEM Support Films), which can explain why the NCD balls may be
transparent despite a considerable fraction of the sp2-bonded carbon.

The “graphene”-like layer at the surface of the grains locally forms
fullerene-like reconstructions (Fig. 4B). These observations are in line
with the results of ab initio calculations of the grain boundary and
the surface structures of diamond nanocrystals (31, 32).

A comparison of the microstructure of NCD with that of NPD
allows us to conclude that these two diamond materials are consider-
ably different. Figure 5 shows the grain size statistics, electron diffrac-
tion patterns, and grain boundary images for NCD (Fig. 5A) and NPD
(Fig. 5B). Most of the diamond nanograins in NCD have sizes ranging
from 3 to 10 nm, whereas the diamond grains in NPD are substan-
tially larger and include submicrometer particles. The electron diffrac-
tion pattern of NCD shows broadened continuous lines characteristic
for nanocrystalline materials, whereas the pattern of NPD is spotty, as
expected for materials containing quite coarse grains. The grain bound-
aries in NCD are incoherent and very narrow, whereas those in NPD
are straight: they resemble the planar directions in the diamond struc-
ture. A unique combination of exceptional strength of the graphene-like
grain boundary and high hardness of diamond nanoparticles results in
superior mechanical properties of NCD.

Ultrahigh static pressure generation
To use the unique mechanical and optical properties of NCD, which
originate in the microstructure of the material, we tested the per-
formance of the NCD semiballs as secondary anvils for the generation
of ultrahigh pressures. Semiballs of NCD were prepared by milling
NCD balls using focused ion beam (FIB) technique (Fig. 6) and cleaned
in boiling aqua regia for 30min.One of the semiballs was loaded in a LiF
pressure medium into a conventional DAC (Fig. 7A) equipped with
beveled CVD diamond anvils (120-mm culets). The tip of the semiball
was pressed against the opposite anvil until a pressure of ca. 100 GPa
was measured in the sample chamber using the ruby fluorescence scale
(Fig. 7A). The maximum pressure under the tip, recorded using the
Raman shift of the high-frequency edge of the diamond mode (fig. S2)
(26), reached about 460 GPa, following the extrapolation of the dia-
mond calibration in the study by Akahama and Kawamura (26).

The NCD remains optically transparent up to the highest pressure
achieved in this experiment. Moreover, infrared (IR) spectroscopy
confirms that the NCD semiball does not cause any additional spectral
features compared to diamond anvils (fig. S3). It merely reduces the
overall intensity, most probably because of its curved shape. This
findingmakesNCD amaterial of choice for ultrahigh-pressure IR spec-
troscopy studies in a wide spectral range.

In a second run, two transparent semiballs of ~20 mm in diameter
were used as secondary anvils in a ds-DAC (Fig. 7B) (13). A pair of 16-
sided (100)-oriented beveled diamonds with culets of 120 mm in diam-
eter was used as primary anvils, and a rhenium gasket was preindented
to a thickness of ~27 mm to ensure that the first contact between the
secondary anvils happens only when the chamber pressure is above
~25 GPa. The sample was a gold foil [with 99.9995% purity and lattice
parameter of 4.07865(9) Å at ambient condition] with an initial thick-
ness of 1 mmand a diameter of less than 3 mm(Fig. 7B), placed at the tip
of one of the semiballs using themicromanipulator (Micro Support Co.
Ltd.). Paraffinwaxwas used as the pressure-transmittingmedium in the
sample chamber. The cell was pressurized over 70GPa (asmeasured on
the Raman peak from the culet of primary diamond anvil) at BGI and
transferred to the 13 IDD [GeoSoilEnviroCARS (GSECARS)] beam-
line at the Advanced Photon Source (APS; United States) where high-
resolution in situ x-ray diffraction experiments were performed. The

Fig. 7. Schematic drawings of the setup for ultrahigh static pressure
generation. (A) Testing of the performance of a single semiball forced
against the diamond anvil in a LiF pressure medium in a conventional
DAC. (B) ds-DAC assembly (not to scale) for experiments at ultrahigh
pressures (above 1 TPa). Two transparent NCD semiballs were used as
secondary anvils in a conventional DAC. Diameter of the NCD semiballs
is ~20 mm, and the initial size of the sample is about 3 mm in diameter
and about 1 mm in thickness.
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Record pressures were achieved 
by using a second stage nano 
diamond semi balls between two 
diamond anvils. 
Dubrovinskaya et al, Sci. Adv., 2016

The diamond anvil cell, recent breakthroughs

Fig. 5. Microstructure of NCD and NPD materials. (A) NCD. (B) NPD. Grain-size statistics (1), electron diffraction pattern (2), and grain imaging (3)
give evidence to different microstructures of NCD and NPD. Most of the diamond nanograins in NCD have sizes in the range of 3 to 10 nm, whereas
the diamond grains in NPD include submicrometer particles. The electron diffraction pattern of NCD shows continuous diffraction rings
characteristic of nanocrystalline materials, whereas the pattern of NPD is spotty, as expected for materials containing quite coarse grains. The
particle size was measured manually from dark-field TEM images on 218 and 219 particles for the NCD and NPD materials, respectively.

Fig. 6. Images of an NCD ball before and after the FIB milling. (A) Secondary electron image of a ball before ion milling, as taken in the Scios
DualBeam system (FEI Deutschland GmbH) at a voltage of 20 kV and a current of 0.8 nA. mag, magnification; Det, detector; ETD, Everhart Thornley
detector; HV, high voltage; HFW, horizontal field width. (B) Gallium ion image of the same ball (taken at 30 kV and 30 pA) after milling at 30 kV and 5 nA.
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The multianvil press
These large devices can generate pressures of up to ~ 100 GPa. 
Temperatures range from ambient to ~2000 K. 
The sample is typically few mm large. 
These presses are very suitable to high P-T studies, deformation of 
polycrystalline samples, synthesis of recoverable phases  and studies of 
multiphase materials. 

Multianvil press, GSECARS, APS



Paris-Edinburgh cell

https://neutrons.ornl.gov/snap/sample

Marshall & Francis, J. Appl. Cryst.,2001

HPCAT, APS

The Paris-Edinburgh cell is the most common highP device at neutron sources 
as it provides relatively large samples in a relatively small device. 
Max P ~ 40 GPa, max T ~ 2000 K

https://neutrons.ornl.gov/snap/sample


Shock compression

gas gun, 
DCS, APS

32IDB, APS

Shock compression can achieve 
the highest P-T conditions 
Samples are relatively large but 
very short-lived 

Both guns and laser driven 
shock devices will be 
available at the APS, 
allowing for a broad range 
of pressure, temperature 
and strain rate to be 
achieved.



Samples under high pressure are: 
• very small and/or,  
• enclosed in bulky devices, access to samples is 
limited to semitransparent windows, 
• in some case very short lived, 
• often very complex (pressure gradients, 
multiphase, poorly crystallized)

High pressure & brilliant radiation



In addition to the general advantage of brilliant source, probing high-pressure 
samples in situ requires 
• high flux for the beam to penetrate the device and for scattered radiation 
to travel out, obtain a reasonable signal from small samples or to collect data 
in short time, 
• highly focused beam in order to reduce parasitic scattering, 
• tunable energy allowing to play with the absorption of device components 
and optimize resolution (diffraction). 

At high pressure you need all the brilliance you can get!!

High pressure & brilliant radiation



High Pressure at the APS

35 DCS 100%

16 HPCAT 100%

13 GSECARS  
> 50%

3 ~50%

4 40%



100% 
BL3-SNAP



superconductivity

(1) There is a sharp drop in resistivity with cooling, indicating a
phase transformation. The measured minimum resistance is at least as
low, ,10211 ohm m—about two orders of magnitude less than for
pure copper (Fig. 1, Extended Data Fig. 3e) measured at the same
temperature19. (2) A strong isotope effect is observed: Tc shifts to lower

temperatures for sulfur deuteride, indicating phonon-assisted super-
conductivity (Fig. 2b, c). The BCS theory gives the dependence of Tc on
atomic mass m as Tc / m2a, where a < 0.5. Comparison of Tc values
in the pressure range P . 170 GPa (Fig. 2c) gives a < 0.3. (3) Tc shifts
to lower temperatures with available magnetic field (B) up to 7 T
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Figure 2 | Pressure and temperature effects on Tc of sulfur hydride and
sulfur deuteride. a, Changes of resistance and Tc of sulfur hydride with
temperature at constant pressure—the annealing process. The sample was
pressurized to 145 GPa at 220 K and then cooled to 100 K. It was then slowly
warmed at ,1 K min21; Tc 5 170 K was determined. At temperatures above
,250 K the resistance dropped sharply, and during the next temperature run Tc

increased to ,195 K. This Tc remained nearly the same for the next two
runs. (We note that the only point for sulfur deuteride presented in ref. 9 was
determined without sample annealing, and Tc would increase after annealing at
room temperature.) b, Typical superconductive steps for sulfur hydride

(blue trace) and sulfur deuteride (red trace). The data were acquired during
slow warming over a time of several hours. Tc is defined here as the sharp
kink in the transition to normal metallic behaviour. These curves were
obtained after annealing at room temperature as shown in a. c, Dependence of
Tc on pressure; data on annealed samples are presented. Open coloured
points refer to sulfur deuteride, and filled points to sulfur hydride. Data shown
as the magenta point were obtained in magnetic susceptibility
measurements (Fig. 4a). The lines indicate that the plots are parallel at
pressures above ,170 GPa (the isotope shift is constant) but strongly deviate at
lower pressures.
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Figure 1 | Temperature dependence of the resistance of sulfur hydride
measured at different pressures, and the pressure dependence of Tc. a, Main
panel, temperature dependence of the resistance (R) of sulfur hydride at
different pressures. The pressure values are indicated near the corresponding
plots. At first, the sample was loaded at T < 200 K and the pressure was
increased to ,100 GPa; the sample was then cooled down to 4 K. After
warming to ,100 K, pressure was further increased. Plots at pressures ,135
GPa have been scaled (reduced) as follows—105 GPa, by 10 times; 115 GPa and
122 GPa, by 5 times; and 129 GPa by 2 times—for easier comparison with the
higher pressure steps. The resistance was measured with a current of 10 mA.
Bottom panel, the resistance plots near zero. The resistance was measured with
four electrodes deposited on a diamond anvil that touched the sample (top
panel inset). The diameters of the samples were ,25 mm and the thickness was

,1 mm. b, Blue round points represent values of Tc determined from a. Other
blue points (triangles and half circles) were obtained in similar runs.
Measurements at P .,160 GPa revealed a sharp increase of Tc. In this pressure
range the R(T) measurements were performed over a larger temperature range
up to 260 K, the corresponding experimental points for two samples are
indicated by adding a pink colour to half circles and a centred dot to filled
circles. These points probably reflect a transient state for these particular P/T
conditions. Further annealing of the sample at room temperature would require
stabilizing the sample (Fig. 2a). Black stars are calculations from ref. 10. Dark
yellow points are Tc values of pure sulfur obtained with the same four-probe
electrical measurement method. They are consistent with literature data30

(susceptibility measurements) but have higher values at P . 200 GPa.
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SUPERCONDUCTIVITY

Observation of superconductivity in
hydrogen sulfide from nuclear
resonant scattering
Ivan Troyan,1,2*† Alexander Gavriliuk,2,3† Rudolf Rüffer,4 Alexander Chumakov,4,5

Anna Mironovich,3 Igor Lyubutin,2 Dmitry Perekalin,6

Alexander P. Drozdov,1 Mikhail I. Eremets1

High-temperature superconductivity remains a focus of experimental and theoretical research.
Hydrogen sulfide (H2S) has been reported to be superconducting at high pressures and with a
high transition temperature.We report on the direct observation of the expulsion of the
magnetic field in H2S compressed to 153 gigapascals. A thin 119Sn film placed inside the H2S
sample was used as a sensor of the magnetic field.The magnetic field on the 119Sn sensor was
monitored by nuclear resonance scattering of synchrotron radiation. Our results demonstrate
that an external static magnetic field of about 0.7 tesla is expelled from the volume of 119Sn foil
as a result of the shielding by theH2S sample at temperatures between4.7 K and approximately
140 K, revealing a superconducting state of H2S.

H
igh-temperature superconductivity at high
pressures has been predicted for numer-
ous hydrides (1–7), including H2S (8, 9).
Recent resistivity and magnetic suscepti-
bility measurements indicate that a super-

conducting transition occurs in H2S compressed
to between 150 and 190 GPa with a high onset
temperature of 203 K (10). For an unambiguous
identification of the superconducting state, a
direct observation of the Meissner effect in an

externalmagnetic field is desirable.However,mea-
surements of the Meissner effect using a super-
conducting quantum interference device (SQUID)
or inductor methods at pressures above 130 GPa
are difficult, and experimental results do not al-
low for a clear interpretation.
Historically, the Meissner effect was defined

as the expulsion of the external magnetic field
from a superconducting sample as the sample
enters the superconducting statewith decreasing

temperature—that is, upon field cooling (FC) con-
ditions. In our experiment, the sample was first
transformed into the superconducting state upon
zero field cooling (ZFC), and then the external
magnetic field was applied. Upon warming the
sample, we monitored the expulsion of the mag-
netic flux in the diamagnetic shielding mode.
Relative to the FC option, the ZFC protocol is a
better choice for high-temperature superconduc-
tors because this method provides a larger con-
trast in measurements of the expulsion of the
magnetic field (11). To detect the expulsion of the
magnetic field, we used a magnetic field sensor
immersed into theH2S specimen (Fig. 1). A 2.6-mm-
thick foil of tin enrichedwith the 119Sn isotope to
95% was used as the sensor. It was placed in the
gasket hole of the diamond anvil cell (DAC) before
loading H2S. The sensormonitored themagnetic
field via the magnetic interaction at the 119Sn
nucleus, as detected by nuclear resonance scat-
tering (NRS) of synchrotron radiation (12, 13).
The presence of the magnetic field at tin nuclei
was identified by quantum beats in the time
spectra of NRS (14). The resonant character of
NRS ensured that we acquired data only from
the 119Sn sensor, with zero background from the
sample environment.
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Fig. 1. Layout of the experiment.The
tin foil, surrounded by compressed
hydrogen sulfide, is located in a
diamond anvil cell (DAC) at a pressure
of about 153 GPa. Pulsed synchrotron
radiation excites the nuclei of the tin
Mössbauer isotope 119Sn. The detection
system measures the time evolution of
radiation emitted by the tin nuclei in
the forward direction. (A) At T > Tc, in
the external magnetic field directed
along the x-ray beam, the time spectra
show quantum beats due to magnetic
splitting of tin nuclear levels. (B) At
T < Tc, the tin foil is screened from the
external magnetic field by the super-
conducting hydrogen sulfide, and con-
sequently no splitting of nuclear levels
occurs and no magnetic quantum beats
are seen in the time spectra. The blue
dots are experimental data; the red
lines were obtained from fits using the
MOTIF software (17).
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The finding was later further confirmed 
via nuclear resonant scattering 
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Prediction and synthesis of a stable compound of helium and sodium at high pressure. 
Dong et al., Nature Chemistry, 2017

is predicted to be exothermic at pressures above 160 GPa, with
reaction enthalpy as large as −0.51 eV at 500 GPa. Phonon
calculations clearly indicate dynamical stability of Na2He above
100 GPa (Supplementary Fig. 1). This means that, once formed,

this phase can be quenched down to 100 GPa, but at and below
50 GPa it is dynamically unstable and therefore unquenchable to
ambient conditions. Quasiharmonic free energy calculations
suggest that temperature has little effect on the Gibbs free energy
of formation of Na2He: for example, it increases from −0.41 eV at
0 K to −0.39 eV at 800 K at 300 GPa (Supplementary Fig. 2).

Na2He becomes stable at a pressure near the cI16–tI19 transition
of elemental Na (we also observed this in experiments, see section
‘Experiments’). The transition in Na has an underlying electronic
stabilization mechanism related to the development of a pseudogap
or gap at the Fermi energy (tI19 is a very poor metal and hP4, the
phase appearing with a further increase in pressure, is an insula-
tor13). This hints at a possible electronic stabilization of Na2He,
which has a surprisingly wide bandgap in the entire pressure range
of its stability. Insulating Na2He is predicted to form at a lower
pressure than insulating hP4-Na (160 versus 273 GPa). The transition
pressure for hP4–Na is significantly overestimated (the experimental
value is 195 GPa; ref. 13). Density functional theory (DFT) is
known to underestimate the stability fields of systems with localized
electronic states, and it is expected that Na2He will similarly become
stable at pressure below the theoretical estimate of 160 GPa.

Na2He has only one ground-state structure (Fig. 2) in the whole
pressure range explored here (that is, from 160 to 1,000 GPa).
There are several equivalent ways to describe it. (1) Considering
only the positions of the atoms, this is a fluorite-type structure, a
three-dimensional checkerboard with alternating He-filled and
empty cubes formed by the Na atoms. However, the fluorite structure
is not dense, and in all known compounds becomes unstable even at
moderate pressures17. (2) Just like hP4–Na (ref. 13), Na2He is an elec-
tride, that is, an ionic crystal with a strong Madelung field and an
interstitially localized electron (actually, an electron pair in both
hP4–Na and Na2He) playing the role of the anion. If one also con-
siders the positions of localized electron pairs (2e−), this is a topolo-
gically very dense Heusler alloy structure (AlCu2Mn-type, related to
the Fe3Al-type), where He atoms form a cubic close packing, in
which all tetrahedral voids are filled by the Na atoms and 2e− fill
all octahedral voids. Every He atom (and every 2e−) is coordinated
by eight Na atoms. Note that the 2e− form a cubic close packing of
their own, and in hP4–Na, they form a nearly perfect hexagonal
close packing13. (3) This structure can also be viewed as an ordered
body-centred cubic (bcc) superstructure formed by Na, He and 2e−.

Experiments. In the present experiments, Na was loaded into a He
medium in a laser-heated diamond anvil cell (DAC) and compressed
up to 155 GPa (Supplementary Table 1). The sample was monitored
using synchrotron X-ray diffraction (XRD), Raman spectroscopy
and visual observations. The latter verified (Supplementary Fig. 3)
that there was He in the DAC high-pressure cavity, as there were

a

b

0.1 0.3 0.5 0.7 0.9

–0.4

–0.2

0.0

0.2

0.4

Na2He
He

∆H
fo

rm
at

io
n 

(e
V

)

 100 GPa
 200 GPa
 300 GPa
 400 GPa

Compound, He/(Na+He)

Na

100 200 300 400 500
–0.6

–0.4

–0.2

0.0

0.2

0.4

0.6

hP4-Na

tI19-Na∆H
 (

eV
)

Pressure (GPa)

Na2He - 2 × hP4-Na - He 

Na2He - 2 × tI19-Na - He

Na2He - 2 × cI16-Na - He

P = 160 GPa

cI16-Na

Figure 1 | Thermodynamics of the Na–He system, which shows the
enthalpic stability between Na2He and the mixture of elemental Na
and He. a, Predicted convex hulls of the Na–He system, based on the
theoretical ground states of Na and He at each pressure13,18,22,50. Here,
ΔHformation(NaxHe1−x) = xH(Na) + (1−x)H(He)−H(NaxHe1−x), which can be
considered as a criterion of thermodynamic stability. b, Enthalpy of
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Figure 2 | Crystal structure of Na2He at 300 GPa. a,b, Ball-and-stick representation (a, pink and grey atoms represent Na and He, respectively) and
polyhedral representation (b), where half of the Na8 cubes are occupied by He atoms (shown as polyhedra) and half by 2e (shown as red spheres).
c, Electron localization function (ELF, which measures the spatial localization of electrons) plotted in the [110] plane at 300 GPa. This structure has space
group Fm-3m with lattice parameter a = 3.95 Å at 300 GPa and Na atoms occupying the Wyckoff position 8c (0.25,0.25,0.25) and He atoms occupying
the 4a (0,0,0) position.
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transparent colourless areas around the Na sample, which remained
up to the highest pressure reached. Below ∼110 GPa, only single-
crystal reflections of elemental Na were observed in XRD and their
positions agreed with previously reported structural data and the
equation of state (EOS)18,19. Above 113 GPa, we detected the
appearance of new single-crystal reflections, which became stronger
after laser heating to T > 1,500 K. On further compression, unreacted
Na (which remains dominant) in the quenched sample showed the
transition sequence cI16–oP8–tI19 characteristic of Na at P > 113 GPa
(ref. 18). At P > 140 GPa, the transformation to the tI19 phase was
complete. Prolonged heating at 140 GPa yielded quasi-continuous
diffraction lines (Fig. 3a,b), revealing substantial production of a
new phase. Our laser heating experiments confirmed that
compressed Na has a low melting temperature, slightly above
300 K near 120 GPa (refs 18, 20). Heating close to the melting
temperature of He (∼1,500 K)21 yields more reaction product and
the yield increases during further heating.

New reflections were assigned to the predicted fluorite-type Na2He
(Fig. 3a,b). They can be indexed in a cubic structure based on
their positions and relative intensities (Supplementary Table 2), with
lattice parameter in good agreement with theory (Fig. 3c).
Experiments show that Na2He has a much higher melting point
than pure Na, perhaps above 1,500 K at 140 GPa (Fig. 3a,b), whereas
pure sodium melts slightly above 550 K (refs 20, 22), indicating very
different energy landscapes and bonding types in Na and Na2He.
Experiments confirmed the stability of Na2He, as it is denser than
the mixture of Na and He (Fig. 3c) and crystallizes from a sodium–
helium melt. Our experiments traced this phase on decomposition
down to 113 GPa and its volume–pressure dependence is in good
agreement with theoretical predictions (Fig. 3c). The increased yield
of the new phase after laser heating (Fig. 3a,b) indicates that a low
yield of Na2He at near room temperature is due to kinetic hindrance
for the Na (fluid)–He (solid) reaction. Raman experiments on
samples quenched to 300 K (Supplementary Fig. 4) showed the pres-
ence of a new broad weak peak at 470 cm−1 in addition to peaks that
can be assigned to tI19-Na (ref. 20).

Chemical bonding.Having experimentally confirmed the stability of
this compound, we wished to understand its origin. By analogy with
other noble gases, one could expect helium to rather form stable
compounds with the most electronegative atoms, or perhaps with
molecular entities such as H2 (for example, Xe forms stable
fluorides under ambient conditions, stable oxides under pressure11

and compounds with H; ref. 23). However, due to its extremely
high ionization potential, the highest among all elements, helium
does not react with oxygen or fluorine even at the extremely high
pressure of 800 GPa. Xenon was predicted to react with
electropositive elements (for example, with Mg; ref. 12) under
pressure, but in contrast to Xe, He has zero electron affinity and is
much less reactive. So what is the chemical nature of Na2He?

It can be easily demonstrated that Na2He is not an inclusion
compound. The formation of inclusion compounds involves little
electronic redistribution, and host–guest interaction has only a
moderate effect on physical properties. Na2He is very different. Its
formation is strongly exothermic and its Na sublattice has a simple
cubic structure with one valence electron per unit cell and must be
metallic. However, upon insertion of He a wide bandgap opens up
(Fig. 4). Electronic redistribution due to the insertion of He into
the simple cubic sodium sublattice (Fig. 4) is also very large, again
proving that this is not an inclusion compound. We observe a con-
traction of charge density towards all nuclei, but the main effect is
its removal from the region occupied by helium and strong buildup
in the empty Na8 cubes. Strong non-nuclear charge density
maxima allow us to call this compound an electride24,25.

Na2He and hP4-Na differ fundamentally from the known low-
pressure electrides26, where interstitially localized electrons are
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Figure 3 | Experimental data on Na2He: XRD at 140 GPa. a, Integrated XRD
patterns before heating and after the second and third heating to ∼1,200
and >1,500 K, respectively. Vertical ticks correspond to expected positions
and intensities of XRD peaks of Na2He, tI19-Na (ref. 18), Re (gasket) and
W (pressure gauge). b, Two-dimensional image after the third heating, in
radial coordinates, showing single-crystal reflections of tI19-Na and Na2He,
marked by light blue circles and white rectangles, respectively. This pattern
was obtained during a continuous rotation of the DAC along the ω axis to
collect as many single-crystal reflections of tI19-Na as possible. Semi-
continuous lines are from the Re gasket. Diffraction from Na2He and
W consists of many small, almost uniformly spaced spots. After the third
heating, a new almost continuous line appeared near 10.5°, which we
assigned to yet unidentified reaction products. The X-ray wavelength is 0.31 Å.
c, Equation of state (EOS) of Na2He synthesized in a DAC at 113–155 GPa in
comparison with the EOS of Na. Filled circles: experimental unit cell volumes
of Na2He. Open blue circles: volumes per two Na atoms. Error bars
correspond to the experimental pressure uncertainty due to pressure
gradients and pressure measurements. Pressure was determined from XRD
measurements of the W marker in one experiment and using Raman shift of
the stressed diamonds51. The solid blue line corresponds to a superposition
of the EOS of Na and He (2Na +He) determined from experimental data52.
Dashed and solid lines are the results of our GGA and LDA calculations,
respectively. Dotted line: extrapolated EOS of fcc Na from ref. 19. Open red
circles: volumes of Na phases reported in ref. 18.

ARTICLES NATURE CHEMISTRY DOI: 10.1038/NCHEM.2716

NATURE CHEMISTRY | VOL 9 | MAY 2017 | www.nature.com/naturechemistry442

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

 Noble chemistry & electride  
powder x-ray diffraction

Na2He



observed, and instead the sample crystallized
in fcc + bcc (Fig. 1B, data point 7). We found
(Fig. 1 and figs. S6 and S7) that the martensitic
phase was only ever obtained from bcc →
martensite transformations. Although transitions
from martensite to fcc were seen, the reverse pro-
cess never occurred.
Of particular interest is the P-T path shown

in Fig. 1D, where we pressurized the bcc 7Li
sample at ambient temperature to >8 GPa to
produce fcc and then cycled back across the
phase boundary to demonstrate low hysteresis.
We then cooled the sample to 20 K at ~10 GPa
and depressurized it to 2 GPa, accessing the
region previously ascribed to the 9R phase. We
then warmed the sample to 120 K, which is
above the reported 9R phase boundary (23). The
sample remained fcc throughout this path. Further
warming to room temperature induced a transition
back to bcc. Finally, we cooled the sample back to
100 K and repressurized it until the martensitic
phase appeared above 3 GPa. A similar result
was found for 6Li, where we synthesized the
fcc ground state by pressurizing to 9 GPa, cool-

ing to 20 K, then depressurizing to ambient pres-
sure (Fig. 1C).

Explaining the 9R-martensite transition

The 9R structure was believed to be the ground
state of lithium on the basis of the reproducibil-
ity of diffraction patterns from ambient-pressure
isobaric-cooling studies (17, 18, 25, 26, 29); fcc was
ignored by theorists, even in high-pressure work
(30–35). The martensite has a well-defined crystal
structure and it cannot be dismissed as a highly
defective version of something simpler (24). How-
ever, the observed bcc → 9R transition does not
prove the existence of a phase boundary because it
is not reversible.Uponheating, themartensite trans-
forms to fcc before returning to bcc (Fig. 3A) (29).
We performed well-converged free energy cal-

culations using all-electron density functional
theory (DFT) and the quasiharmonic approx-
imation for phonons (QHA) (26). We found stable
phonons as well as free electron–like band struc-
tures and Fermi surfaces for all phases up to 5 GPa
(26). Additional calculations using the SCAILD
method (36) showed that anharmonic effects

are negligible at these temperatures (fig. S11).
The DFT calculations reveal a fcc ground state.
The bcc structure is stable at high temperature
and low pressure because it has higher entropy
and volume. The fcc → bcc transition temper-
ature we calculated increases with pressure (Fig.
3), and the value of 166 ± 10 K at zero pressure is
in good agreement with the reported values for the
retransformation upon heating (16, 18, 21, 29, 37).
The 9R phase is always unstable with respect

to fcc and other close-packed stackings such as
hexagonal close-packed (hcp). Our calculations
show that 9R becomes stable relative to bcc at
80 K and 0 GPa, with the phase boundary rising
with pressure. To reconcile these DFT results
with the experimental observation of the mar-
tensite, we directly simulated the martensitic
transformation. This required modeling very
large numbers of atoms with molecular dynam-
ics (MD), which is currently unfeasible using DFT.
We therefore derived a bespoke many-body inter-
atomic potential (26) fitted directly to the relevant
DFT properties. The new potential reproduces
the DFT phase behavior (with fcc being the
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Fig. 1. Observed
stable andmetastable
crystal structures of
6Li and 7Li measured
along the identified
P-Tpaths. (A) Isobaric
results for 6Li. Isobaric
cooling paths are
connected by gray
lines as guides to eye.
Data points collected
during isothermal
compression or isobaric
warming are labeled
in numerical order.We
used mineral oil
(crossed symbols) or
He (dotted and solid
symbols) as pressure-
transmitting media.
Blue dotted lines show
the onset of bcc →
close-packed transitions
upon cooling.The dot-
dashed line shows the
tentative bcc-fcc
boundary based on the
limited data available for
this region. (B) Isobaric
results for 7Li. Open
symbols are data from
previous studies that
used either mineral oil
or no pressure medium
during isothermal com-
pression and isobaric
cooling (7, 23, 42). Points 3 and 7 are very close in P and T but were approached
via different thermal paths; the resulting structures are 9R + bcc and fcc + bcc,
respectively. (C) Experimental paths for 6Li in P-T space to examine the
possibility of a reverse fcc → 9R transformation during decompression. Dotted
and dot-dashed lines are the transition lines from (A). During decompression,
we observed the pure fcc structure deep in what was previously identified as the

9R stability region. (D) Experimental paths for 7Li in P-T space with the same
observation of the fcc structure in the 9R stability region. Dotted lines are the
transition lines from (B). Points 12 to 14 show the martensitic transition of
7Li during isothermal compression, followed by a transition to fcc. Error bars in
all panels denote the estimated experimental uncertainty in the temperature of
the sample and are comparable to the symbol size where not shown.
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The lightest metal still holds many surprises, even at modest P-T 
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 Lithium isotope effect  

Martensitic transitions were reported to be sen-
sitive to impurities and intrinsic defects such as
vacancies in several systems (40, 41). Although
our samples show very similar impurity levels
(26), contributions from slight differences be-
tween the impurity levels of the samples, below
our resolution, cannot be entirely excluded. How-
ever, the similarity in the martensitic transition
of 7Li and natural lithium samples, regardless of
their source and purity levels, as reported by
many groups including ours, indicates that the
observed phenomenon here is mass-related.

To understand the extent to which mass can
affect the stability of lithium, we looked at the
extreme, unphysical case of 3Li and 14Li, neither
of which exists naturally. Whereas the bcc→ fcc
transition shows only a very small mass depen-
dence, the bcc → 9R transition shows a very
strong mass dependence, and the 9R phase would
be entirely suppressed for 3Li up to 1.2 GPa (fig.
S16). These results qualitatively resemble our ex-
perimental observations for stable isotopes of
lithium, albeit for unphysical masses. The stabil-
ity line obeys the third law of thermodynamics,

which requires that the phase boundary must
become vertical if it approaches the T = 0 K axis.
This makes it extremely sensitive to small changes
in the energy difference between bcc and mar-
tensite: If the real martensite has a higher en-
thalpy than 9R, then the zero-point energy may
be enough to destabilize it in 6Li (22).

Metastability regions

Although 9R is not a stable phase of lithium
and can only be obtained starting from bcc,
the conditions where this occurs are reproduc-
ible and isotope-dependent. Under hydrostatic
conditions, the bcc → 9R transition occurred at
lower temperature and higher pressure in the 6Li
samples. By contrast, the transition line 9R→ fcc
appears to be at higher pressure in 6Li: As dis-
cussed above, the 9R → fcc crossover pressure
for isobaric cooling is 3.3 ± 0.3 GPa for the 7Li
material and at least 4.0 GPa for the 6Li material.
This suggests that the role of quantum effects is
to inhibit the transition rather than to destabilize
the 9R phase.
Combining these observations with the DFT

results suggests that there are two important
lines on the phase diagram (Fig. 3B): the true
thermodynamic phase boundary between bcc
and fcc, and a line designating conditions at
which bcc is unstable with respect to any close-
packed stacking sequence. The second line de-
notes the onset of the martensitic transformation
mechanism, and it is the one observed in experi-
ments. The ground state of lithium can be syn-
thesized if this martensite line is avoided via a
high-pressure path.

The structure of lithium

The experimental and calculated properties of
lithium can be seen in a consistent manner that
rewrites the understanding of this simplest of
metals. In both 6Li and 7Li, the ground-state
structure is fcc rather than 9R. A combination
of zero-point energy and vibrational entropy sta-
bilizes the bcc structure where it exists. Only the
transition from bcc creates a metastable mar-
tensite, as it does not result from the structure’s
thermodynamic stability. A natural question that
arises is whether the 9R states observed in other
elements (e.g., Na, Sm) and alloys are thermody-
namically stable phases.
In contrast to 7Li, we observed that in the 6Li

samples, the bcc structure remained stable, rela-
tive to the martensite, down to the lowest mea-
sured temperatures for pressures up to ~2 GPa.
The difference between 6Li and 7Li cannot be
explained by thermodynamic calculations, and
it indicates that quantum effects may play a
crucial role in the transition kinetics.
We have synthesized the ground state of

lithium in both isotopes using a high-pressure
pathway to circumvent the martensitic transition.
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Fig. 6. Equations of state for
fcc 6Li and 7Li. The atomic
volume of the fcc phase of 6Li
and 7Li at low temperature is
plotted as a function of pressure,
showing agreement of experi-
ment and theory. The orange and
gray lines indicate the third-order
Birch-Murnaghan equation of
state fits to the data from 7Li and
6Li, respectively, in the region
where data were obtained for
both isotopes (shaded region).
Open symbols show the
calculated equation of state
for the lithium isotopes in the
fcc phase. See (26) for details of
all equations of state.

Fig. 5. Simulated diffraction patterns of lithium. Comparison of neutron diffraction data
(wavelength l = 1.288 Å) from 7Li at T < 20 K and zero pressure (38) with simulated diffraction
patterns from (top to bottom) various candidate phases of lithium, a random sequence of close-
packed layers, the stacking sequence of the main twin obtained in the MD simulation, and an
unweighted average of all three stacking sequences observed in the simulated martensite shown
in Fig. 4A. The neutron diffraction pattern is a combination of bcc and martensite; the positions of the
bcc peaks are replicated by the tick marks at the bottom. The Miller indices refer to the 9R structure.
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However, the key point is that our patterns are
generated ab initio, without adjustable param-
eters or any reference to 9R. Our structure arises
from the transformation kinetics, not the thermo-
dynamic stability. Absence of the reverse transfor-
mation, from fcc to bcc or a martensitic structure,
during the isothermal decompression at low tem-
perature is precisely what we theoretically pre-
dict to occur (Fig. 1, C and D). We conclude that
the diffusive bcc → fcc transition has no low-
energy path, so instead bcc undergoes a mar-
tensitic transition with large hysteresis on both
isobaric and isothermal paths. In other words,
not only is the previously reported martensite
not thermodynamically stable, it does not have
the 9R crystal structure either.

Isotope and quantum effects

In classical thermodynamics, free energy differ-
ences between phases are independent of the
nuclear mass, but at low temperatures, quan-
tum effects can lead to differences in behavior
for different isotopes because both vibrational
and zero-point effects are dependent on mass.
In lithium, the zero-point energy is large at
~40 meV per atom, equivalent to 500 K. The zero-
point energy is larger in 6Li than in 7Li by a factor
of

ffiffiffiffiffiffiffiffi
7=6

p
. Early ambient-pressure measurements

showed that at low temperature, 6Li has a slightly
larger bcc lattice constant (28). Also, isotope ef-
fects in the shear modulus in lithium under pres-
sure are evidence of the quantum contribution
(3, 39). Although the zero-point energy of lith-
ium has a large contribution to the vibrational
energies and may influence high-pressure struc-
tures (3, 35), the calculations do not suggest a
major shift of the martensitic metastability limit
between the two isotopes.
Entropy differences between phases ultimately

drive thermal phase transitions, but the kinetics
of the transition can prevent some transforma-
tions. The MD simulations demonstrated that
the martensitic transformation path is com-
plicated by the need to generate many different
stackings. We therefore postulate that the trans-
formation begins only when all close-packed
stackings are stable against bcc. Because 9R is
the least favorable stacking we have found, we
associate the observed martensitic transition with
the P-T conditions where 9R becomes more
stable than bcc (Fig. 3B).
We approached this issue with DFT calcu-

lations and the QHA for the vibrational proper-
ties. The fcc equation of state (Fig. 6) allows a
direct comparison between measurements and
calculations uncompromised by hysteresis; we

find that 6Li is at a larger pressure for a given
lattice parameter at low temperature (fig. S13),
consistent with ambient-pressure experiments
(28), and that it has a lower compressibility than
7Li. Zero-point effects contribute to the pressure,
so that a higher pressure is required to compress
6Li to the same volume as 7Li. Our calculations
show that this implies a difference of ~25 MPa in
the equation of state. The 9R structure is always
thermodynamically unstable with respect to fcc,
whereas bcc is stabilized at higher temperatures
by vibrational effects. However, the isotope effect
only shifts the phase boundary by a few degrees,
so the thermodynamics indicates that fcc is the
stable phase in 6Li at low temperature, as seen in
the depressurization experiments but not upon
cooling. The observed survival of bcc to zero tem-
perature might be due to a quantum kinetic
effect. This is not implausible: Whereas the iso-
tope effects in thermodynamics scale with the
square root of the mass difference, in the kinetics,
the rate depends exponentially on the mass via
the higher zero-point energy contribution to the
transition-barrier free energy of 6Li. In principle,
this could be tackled using large-scale ab initio
path integral molecular dynamics, which includes
both tunneling and zero-point effects, but such a
calculation is currently intractable.
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Fig. 4. Structures of lithium. (A) Complex, non-9R stacking sequence
in the martensite from the MD simulations, viewed along the [111]bcc
body diagonal from the initial bcc crystal. The close-packed layers are
shown edge-on, exposing the stacking sequence. Atoms with a local
hcp (h) or fcc (k) environment are shown in dark purple and cyan,
respectively (43). Other colors mark atoms without close-packed coordi-
nation at cell and grain boundaries. There are three separate twins, as well
as a region of pure fcc (which is a known finite-size effect) (44). Such
fcc regions form only in MD cells with orientations incompatible with
a two-twin microstructure. MD simulations in supercells rotated 45° about
[100]bcc produced microstructures with only two twins. Simulations
starting with bcc nanocrystals produced an ultrafine twinned microstructure
that coarsened slowly. Simulations with high cooling rates remained

in bcc. (B) Relationship among fcc, hcp, 9R, and bcc. Top: The close-packed
structures can be identified by their stacking sequences of hexagonal
layers along the z axis. In the ABC notation, the letters refer to different
atomic positions in the xy plane. The hk notation removes the arbitrary
choice of origin and labels a layer as hexagonal (h) if the layers directly above
and below the central layer are of the same type, and as cubic (k)
otherwise. The sequence ABACACBCB for the 9R structure translates to
hhk hhk hhk. Unit cells are indicated with dark dashed lines. Bottom:
Illustration of the martensitic mechanism in which the bcc (110)bcc
layers of atoms transform into close-packed (001)hcp layers and shuffle
into the appropriate stacking sequence, shown here for the bcc → hcp
transformation. The bcc → fcc transition requires a substantial shear strain
parallel to (110), three times that required for the transition to 9R.
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observed, and instead the sample crystallized
in fcc + bcc (Fig. 1B, data point 7). We found
(Fig. 1 and figs. S6 and S7) that the martensitic
phase was only ever obtained from bcc →
martensite transformations. Although transitions
from martensite to fcc were seen, the reverse pro-
cess never occurred.
Of particular interest is the P-T path shown

in Fig. 1D, where we pressurized the bcc 7Li
sample at ambient temperature to >8 GPa to
produce fcc and then cycled back across the
phase boundary to demonstrate low hysteresis.
We then cooled the sample to 20 K at ~10 GPa
and depressurized it to 2 GPa, accessing the
region previously ascribed to the 9R phase. We
then warmed the sample to 120 K, which is
above the reported 9R phase boundary (23). The
sample remained fcc throughout this path. Further
warming to room temperature induced a transition
back to bcc. Finally, we cooled the sample back to
100 K and repressurized it until the martensitic
phase appeared above 3 GPa. A similar result
was found for 6Li, where we synthesized the
fcc ground state by pressurizing to 9 GPa, cool-

ing to 20 K, then depressurizing to ambient pres-
sure (Fig. 1C).

Explaining the 9R-martensite transition

The 9R structure was believed to be the ground
state of lithium on the basis of the reproducibil-
ity of diffraction patterns from ambient-pressure
isobaric-cooling studies (17, 18, 25, 26, 29); fcc was
ignored by theorists, even in high-pressure work
(30–35). The martensite has a well-defined crystal
structure and it cannot be dismissed as a highly
defective version of something simpler (24). How-
ever, the observed bcc → 9R transition does not
prove the existence of a phase boundary because it
is not reversible.Uponheating, themartensite trans-
forms to fcc before returning to bcc (Fig. 3A) (29).
We performed well-converged free energy cal-

culations using all-electron density functional
theory (DFT) and the quasiharmonic approx-
imation for phonons (QHA) (26). We found stable
phonons as well as free electron–like band struc-
tures and Fermi surfaces for all phases up to 5 GPa
(26). Additional calculations using the SCAILD
method (36) showed that anharmonic effects

are negligible at these temperatures (fig. S11).
The DFT calculations reveal a fcc ground state.
The bcc structure is stable at high temperature
and low pressure because it has higher entropy
and volume. The fcc → bcc transition temper-
ature we calculated increases with pressure (Fig.
3), and the value of 166 ± 10 K at zero pressure is
in good agreement with the reported values for the
retransformation upon heating (16, 18, 21, 29, 37).
The 9R phase is always unstable with respect

to fcc and other close-packed stackings such as
hexagonal close-packed (hcp). Our calculations
show that 9R becomes stable relative to bcc at
80 K and 0 GPa, with the phase boundary rising
with pressure. To reconcile these DFT results
with the experimental observation of the mar-
tensite, we directly simulated the martensitic
transformation. This required modeling very
large numbers of atoms with molecular dynam-
ics (MD), which is currently unfeasible using DFT.
We therefore derived a bespoke many-body inter-
atomic potential (26) fitted directly to the relevant
DFT properties. The new potential reproduces
the DFT phase behavior (with fcc being the
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Fig. 1. Observed
stable andmetastable
crystal structures of
6Li and 7Li measured
along the identified
P-Tpaths. (A) Isobaric
results for 6Li. Isobaric
cooling paths are
connected by gray
lines as guides to eye.
Data points collected
during isothermal
compression or isobaric
warming are labeled
in numerical order.We
used mineral oil
(crossed symbols) or
He (dotted and solid
symbols) as pressure-
transmitting media.
Blue dotted lines show
the onset of bcc →
close-packed transitions
upon cooling.The dot-
dashed line shows the
tentative bcc-fcc
boundary based on the
limited data available for
this region. (B) Isobaric
results for 7Li. Open
symbols are data from
previous studies that
used either mineral oil
or no pressure medium
during isothermal com-
pression and isobaric
cooling (7, 23, 42). Points 3 and 7 are very close in P and T but were approached
via different thermal paths; the resulting structures are 9R + bcc and fcc + bcc,
respectively. (C) Experimental paths for 6Li in P-T space to examine the
possibility of a reverse fcc → 9R transformation during decompression. Dotted
and dot-dashed lines are the transition lines from (A). During decompression,
we observed the pure fcc structure deep in what was previously identified as the

9R stability region. (D) Experimental paths for 7Li in P-T space with the same
observation of the fcc structure in the 9R stability region. Dotted lines are the
transition lines from (B). Points 12 to 14 show the martensitic transition of
7Li during isothermal compression, followed by a transition to fcc. Error bars in
all panels denote the estimated experimental uncertainty in the temperature of
the sample and are comparable to the symbol size where not shown.
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Shocked silicon powder and crystals 

diffraction spots (one 101̄0 spot and two 101̄1 spots)
appearing in the simulation matched the measured diffrac-
tion spots. However, two additional bright 101̄0 diffraction
spots observed in the experiment on Si(111) and some
additional weak diffraction spots observed in the experi-
ment on Si(100) were not reproduced by the simulations,
indicating that additional sh orientations are likely present.
The relations for these additional orientations were not
identified. However, other trial orientation relations were
ruled out, because the predicted bright diffraction spots
were not observed in the single-crystal experiments [26].
Our XRD measurements on shocked silicon single

crystals and associated XRD simulation results suggest
that the primary orientation relations between the cubic
diamond and simple hexagonal structures are
h111icd∥h0001ish and h101̄icd∥h101̄0ish. To our knowl-
edge, the atomic transformation mechanism and orientation
relations between different polymorphs of silicon have
neither been predicted directly by theory nor have they
been determined previously from experiments. Instead,
transformation mechanisms or orientation relations for
structural changes in silicon have often been implicitly
assumed [12,14,15,18,30–35]. For example, it has been
suggested that the β-Sn structure can be obtained through
continuous deformation with a large compression along a
h100icd direction and with isotropic expansion in the
orthogonal plane [31–34]. Assuming this transformation

pathway from the cd to β-Sn structure along with the
commonly accepted transformation pathway from the β-Sn
to sh structure [12,14,15,18,30,33] results in orientation
relations between the cd and sh phases that are not
compatible with our experimental findings. Because of
the new results, past assumptions regarding atomic trans-
formation pathways and orientation relations for structural
changes in silicon need to be reexamined.
Recent MD simulations for germanium [36] and silicon

[2,23,37] shocked along ½100"cd have suggested that the
transformation mechanisms for structural changes between
the cd silicon and the β-Sn, Imma, and sh structures
are more complex than commonly assumed [12,14,15,18,
30–35]. An interesting finding of the MD simulations was
that the transformations occurred along shear bands
[2,36,37] which were attributed to planar stacking faults
[36,37]. However, the MD simulations [2,36,37] predicted
a peak state which was in a mixed phase rather than the
completely transformed material. Additionally, the high-
pressure structure determined from MD simulations for
shocked Si(100) was identified as Imma [2] or amorphous
[23]. These findings from the MD simulations are contra-
dicted by our experimental results. Thus, the MD simu-
lations need to be improved so that they can predict the
structural transformation to the highly oriented sh phase
observed in the experiments on shocked single-crystal
silicon.

(a)

(d) (e) (f)

(b) (c) (g)

FIG. 3. X-ray diffraction results for shocked single-crystal silicon. (a)–(c) Results and simulations for Si(100) shocked to 19 GPa.
(d)–(f) Results and simulations for Si(111) shocked to 19 GPa. One-dimensional integrated diffraction peaks in (a) and (d) match the
peak locations for a simple hexagonal structure. The discrete nature of the measured diffraction rings in (b) and (e) indicate a significant
preferred orientation for the high-pressure simple hexagonal structure. Simulations of the highly oriented simple hexagonal structure in
(c) and (f) used the orientation relations between the ambient cubic diamond structure and the high-pressure simple hexagonal structure
shown in (g).
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measured diffraction peaks; the measured and simulated
diffraction peaks are shown in Fig. 2(f) and agree very well
both in peak position or shape and relative peak intensities.
The lattice parameters used in the simulation are in good
agreement with simple hexagonal lattice parameters deter-
mined for static compression of Si to a similar pressure
[18]. Thus, we conclude that shocked Si (26 GPa impact
stress followed by partial stress release to 19 GPa) remains
crystalline rather than amorphous (as recently suggested in
Ref. [23]) and transforms to a randomly oriented poly-
crystalline simple hexagonal structure.
The XRD results for shocked single-crystal Si in the

constant 19 GPa state are shown in Fig. 3. The integrated
diffracted intensities vs 2θ are shown in Figs. 3(a) and 3(d)
for Si(100) and Si(111), respectively. The measured
diffraction peak locations match simulations (solid lines)
assuming a simple hexagonal structure with the same lattice
parameters used for the simulation of the polycrystalline Si
[Fig. 2(f)] indicating that the shocked single-crystal Si is

also simple hexagonal with the same lattice parameters.
However, the measured relative peak intensities do not
match the simulation assuming randomly oriented grains,
because the diffraction rings are highly localized, indicating
that the high-pressure sh structure has significant preferred
crystallographic orientation in the shocked state. These
preferred orientation observations were used to relate the
lattice orientations between the cd silicon and the high-
pressure sh silicon structures, as discussed below.
The locations of the sh structure diffraction spots on the

detector for the shocked single-crystal silicon provide
important information regarding the orientation relations
between the cd and sh structures. From each localized
diffraction spot, a direction normal to the corresponding
lattice plane of the sh structure can be calculated. However,
this information is insufficient to fully specify the orienta-
tion relation between the cd and sh structures, because
the sh lattice may be arbitrarily rotated around the normal
direction while still producing the observed diffraction
spot. For a single crystal, the observation of a diffraction
spot from a different lattice plane would uniquely specify
the orientation relation. For shocked single-crystal silicon,
the orientation of the sh structure is degenerate with a
number of different orientations of the sh phase depending
on the transformation mechanism. Thus, we cannot be
certain that two observed diffraction spots from different
lattice planes correspond to a single sh orientation.
Because of the difficulties in directly extracting the

orientation relations between the cd and sh structures from
the measurements, a forward calculation was used to
determine whether the data are consistent with a given
trial orientation relation between the cd and sh structures.
XRD simulations of the sh phase were performed assuming
an orientation relation between the cd structure and the sh
structure [26]. If the orientation relation assumed between
the cd and sh structures in the simulation occurs in the
shock experiments, the simulation should reproduce the
measured diffraction spots; if multiple orientation relations
occur, not all measured spots will be reproduced by the
simulation. Furthermore, if the assumed orientation rela-
tions occur in the shock experiments, the simulation should
not predict any additional diffraction spots that are not
present in the measurements.
Simulations were performed for diffraction from the sh

structure for both single-crystal experiments assuming
12 types of orientation relations linking high-symmetry
directions between the cd and sh structures [26]. Only one
set of orientation relations defined by h111icd∥h0001ish and
h101̄icd∥h101̄0ish resulted in all simulated diffraction spots
matching diffraction spots observed in both single-crystal
experiments. The diffraction simulations with these ori-
entation relations are shown in Figs. 3(c) and 3(f). For
shock compression along ½100"cd, the six diffraction spots
obtained from simulations were all present in the experi-
ment. For shock compression along ½111"cd, all three

(a)

(c)

(e) (f)

(d)

(b)

FIG. 2. X-ray diffraction results for shocked polycrystalline
silicon. (a) Ambient cd phase Si diffraction image. (b)–(e) Time-
resolved diffraction images with listed times relative to impact
time. The images show the temporal transition from cd phase Si
to sh phase Si as the shock wave travels through the material.
(f) Measured and simulated (solid line) sh diffraction peaks
406 ns after impact. The broad inner ring labeled PC is from the
polycarbonate window and projectile.
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to simple hexagonal [10,12,16–18] (Pt ¼ 15.4 GPa;
ΔV ¼ 0.5%) [12] to Cmca [10,17,19] (Pt ∼ 38 GPa;
ΔV ¼ 5.1%) [19]. Despite extensive prior examination
of structural changes in compressed silicon [10–19], no
direct experimental determination of the atomistic trans-
formation mechanisms or the orientation relations between
the different silicon polymorphs has been reported to
date.
Although shock compression is a promising approach

for examining the orientation relations between high-
pressure silicon structures, a lack of desired measurements
in past work [20–22] has precluded the determination of
shocked silicon structure. Analysis of transmitted wave
profiles in shocked single-crystal silicon has indicated—
through density determination—that a phase transforma-
tion begins around 13 GPa [20–22] and that above 16 GPa
the density of shocked silicon is consistent with the density
of one of the high-pressure crystalline structures observed
under static compression [22]. However, a recent post-
mortem analysis of recovered laser-shocked Si(100) sug-
gested that amorphization rather than transformation
to a high-pressure crystalline structure occurs during shock
compression of Si(100) [23]. Additionally, previous XRD
measurements on laser-shocked single-crystal silicon with
reported stresses greater than the phase transformation
stress did not find evidence for any of the high-pressure
silicon structures found under static compression [24,25].
Thus, the structure of shock-compressed silicon (crystalline
or amorphous) remains an open question.
Using the new real-time XRD capabilities at the DCS,

we directly determined the structure of silicon at 19 GPa in
plate impact experiments for both polycrystalline and
single-crystal samples; the shocked silicon is found to be
crystalline with the simple hexagonal (sh) structure. More
importantly, our results for shock-compressed single-
crystal silicon provide the first direct evidence for the
orientation relations between ambient cubic diamond silicon
and a high-pressure silicon structure (simple hexagonal).
Figure 1 shows the configuration for plate impact XRD

experiments performed on a polycrystalline silicon sample
and on single-crystal silicon samples shocked along either
[100] or [111]. Flat-faced polycarbonate (PC) projectiles
(12.7 mm diameter) accelerated to about 5.1 km=s
impacted silicon plates resulting in longitudinal impact
stresses of 26 GPa [26], significantly larger than the phase
transformation onset stress of 13 GPa [20–22]. The silicon
samples were backed by a PC window. Stress waves
reverberate through the silicon between the impactor and
the window, resulting in a constant state silicon stress of
19 GPa [26]. A framing x-ray area detector was used to
record four XRD frames during the impact event with
153.4 ns interframe spacing [26]. In each experiment, one
of the frames was obtained while the shocked Si was in a
constant 19 GPa state, and we focus our XRD analysis on
those results; an additional description of the time evolution

of the XRD frames is provided in Supplemental Material
[26]. Table S1 lists the experimental parameters [26].
Figure 2 shows representative diffraction images (for the

polycrystalline Si sample) obtained in one of the impact
experiments. The ambient diffraction pattern for the poly-
crystalline sample [Fig. 2(a)] exhibits smooth cd structure
diffraction rings as expected for a randomly oriented fine-
grained polycrystalline sample. In the first frame after
impact (99 ns), the original cd diffraction rings are still
observed, but new rings also appear, indicating a new
crystalline phase; diffraction rings from both phases appear
together, because 99 ns after impact the shock wave
causing the phase transformation has traveled only through
half of the silicon sample [26]. By the third frame after
impact (406 ns), the phase transformation wave has
propagated through the entire silicon sample, and at least
one reflection of this wave has propagated back through the
silicon [26]. Thus, at 406 ns after impact, the entire silicon
sample is in a constant state: longitudinal stress of about
19 GPa. At this time, the cd structure diffraction rings
(ambient phase) are completely absent, and three new
diffraction rings are observed showing a full transformation
to a high-pressure crystalline structure.
The structure of the polycrystalline Si at 19 GPa was

determined by integrating the diffracted intensity around
the γ angle [26] to obtain the diffracted intensity vs the 2θ
scattering angle and comparing the measured results with
diffraction simulations assuming either the β-Sn, Imma,
or sh structures. The simulation assuming a randomly
oriented simple hexagonal structure with lattice parameters
csh ¼ 2.380ð8Þ Å and ash ¼ 2.562ð8Þ Å best matched the

FIG. 1. Configuration for the time-resolved, x-ray diffraction
measurements in silicon subjected to impact loading. A PC
projectile traveling at ∼5.1 km=s impacted the Si samples. Pulsed
x rays (∼23.5 keV energy, ∼100 ps duration, 153.4 ns period)
passed through the PC projectile, the silicon sample, and the PC
window. Diffracted x rays from individual ∼100 ps x-ray pulses
were detected on a framing area detector with a 75 mm diameter
field of view. Photon Doppler velocimetry (PDV) was used to
record the velocity history of the Si=PC interface [26].
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pink beam diffraction
DCS Sector 35

Time resolved shock compression of silicon allows observing the high-
pressure phase at these conditions for the first time and study the reciprocal  
orientation of the crystals before and during the shock. 
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As a chemical equivalent of Fe2O3 + H2O, the goethite reaction (2) 
demonstrates that the water in deep Earth16 can provide an abundant 
source of O2, that is:

+ = + ( )Fe O H O 2FeO H 32 3 2 2 2

Although the exact quantity of H2O in the mantle is uncertain, the 
existence of H2O there in hydrates or other forms is well accepted17–19.

We were initially motivated by our computational predictions.  
A first-principles-based structure-searching algorithm20 allows us to 
investigate the energy landscape of Fe–O compounds under pressure. 
At 100 GPa and 300 GPa, we conducted extensive prediction of Fe–O 
compounds using this model, and FeO2 appears as one of the most 
stable phases. In the convex hull curve (Fig. 4a and b), FeO2 stands out 
as energetically extremely favourable (the deepest hull). Our phonon 
calculations of FeO2 show stable phonons at all pressure (Fig. 4c). 
The experimentally observed structural parameters of the P-phase 
FeO2 agree exactly with the ab initio prediction (Table 1). Electron 
localization function calculations and Bader analysis shed light on 
the chemical bonding nature of FeO2. Valence electrons near anionic 
O are highly localized and electron localization function minima are 
located between Fe and O atoms.

The P-phase has been previously predicted at 100–465 GPa by a 
computational search for high-pressure iron oxides21. It is clearly one 
of the most prominent phases in the convex hull curve at all of the 
calculated pressures, which are thought to occur at Earth’s centre.

Our experiments and theoretical calculations demonstrate that if 
the surface assemblage FeOOH or Fe2O3 + H2O is thrust deeper than 
1,800 km (into the deep lower mantle), it will form the P-phase. The 
frequent occurrence of such assemblages in the down-going slabs 
suggests that reaction (2) could have started as early as the accre-
tion of the early Earth from planetesimals of assorted compositions. 
The water-rich and iron-oxide-rich fragments would release H2 

and convert to the P-phase when pressure exceeds 76 GPa. With its 
high density (7.026 g cm−3 at 76 GPa) in comparison to the density 
(5 g cm−3) of the mantle according to the Preliminary Reference 
Earth Model22, the P-phase would normally settle at depth, while 
the light and mobile hydrogen would diffuse, infiltrate, or react to 
form other volatiles, and work its way up to complete the hydrogen 
cycle. A portion of the H2 might eventually escape into space. Plate 
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Figure 2 | Integrated XRD pattern and Rietveld refinement of the 
pyrite-type FeO2 phase. a, FeO2 synthesized from Fe2O3 and O2 at 76 GPa 
with R indices R1 = 0.0663 and wR2 = 0.171. Blue stars belong to the 
Aba2 phase of Fe2O3. We attribute the residual peaks to post-perovskite-
type (pPv) Fe2O3 and O2. b, FeO2 synthesized from FeOOH at 92 GPa, 
with R indices, R1 = 0.0541 and wR2 = 0.167. Red stars refer to residual 
ε-FeOOH. Similar results are reproduced in multiple experiments for each 
composition.
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Figure 1 | The FeO2 phase. a, A two-dimensional XRD image of the 
Fe2O3 + O2 experiment at 76 GPa after laser heating, collected at 
ω = −8.5°, with X-ray wavelength of 0.6199 Å. The original image in 
2θ–η polar coordination is converted into Cartesian coordinates. The 
newly developed sharp spots are from several single crystals of FeO2, 
while smeared powder rings are from the remaining Fe2O3. Four selected 
diffraction spots and their Miller indices from the P-phase are shown 
below. Their observed Bragg angles (2θ), rotation angles (ω) and azimuthal 
angles (η) are listed in Extended Data Table 1. b, A microphotographic 
image of FeO2 through diamond culets. c, Structural representation of the 
pyrite-type FeO2.
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Figure 3 | Raman peak of the hydrogen Q1 vibron in dense neon. 
Data points (blue circles) below 45 GPa and the top inset are taken from 
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and during decompression to 80 GPa. The sharp hydrogen vibron peak at 
5,180–5,170 cm−1 clearly indicates the hydrogen H2 in the neon matrix. 
Errors of frequency are calculated from the full-width half-maximum 
of the Raman peak. Pressure uncertainty is derived from multiple 
measurements of diamond line shifts at the centre of the culet.
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FeO2 a compound first predicted from first principles calculations to be a 
plausible deep-Earth phase was obtained experimentally from the 
breakdown of FeOOH
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As a chemical equivalent of Fe2O3 + H2O, the goethite reaction (2) 
demonstrates that the water in deep Earth16 can provide an abundant 
source of O2, that is:
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existence of H2O there in hydrates or other forms is well accepted17–19.

We were initially motivated by our computational predictions.  
A first-principles-based structure-searching algorithm20 allows us to 
investigate the energy landscape of Fe–O compounds under pressure. 
At 100 GPa and 300 GPa, we conducted extensive prediction of Fe–O 
compounds using this model, and FeO2 appears as one of the most 
stable phases. In the convex hull curve (Fig. 4a and b), FeO2 stands out 
as energetically extremely favourable (the deepest hull). Our phonon 
calculations of FeO2 show stable phonons at all pressure (Fig. 4c). 
The experimentally observed structural parameters of the P-phase 
FeO2 agree exactly with the ab initio prediction (Table 1). Electron 
localization function calculations and Bader analysis shed light on 
the chemical bonding nature of FeO2. Valence electrons near anionic 
O are highly localized and electron localization function minima are 
located between Fe and O atoms.

The P-phase has been previously predicted at 100–465 GPa by a 
computational search for high-pressure iron oxides21. It is clearly one 
of the most prominent phases in the convex hull curve at all of the 
calculated pressures, which are thought to occur at Earth’s centre.

Our experiments and theoretical calculations demonstrate that if 
the surface assemblage FeOOH or Fe2O3 + H2O is thrust deeper than 
1,800 km (into the deep lower mantle), it will form the P-phase. The 
frequent occurrence of such assemblages in the down-going slabs 
suggests that reaction (2) could have started as early as the accre-
tion of the early Earth from planetesimals of assorted compositions. 
The water-rich and iron-oxide-rich fragments would release H2 

and convert to the P-phase when pressure exceeds 76 GPa. With its 
high density (7.026 g cm−3 at 76 GPa) in comparison to the density 
(5 g cm−3) of the mantle according to the Preliminary Reference 
Earth Model22, the P-phase would normally settle at depth, while 
the light and mobile hydrogen would diffuse, infiltrate, or react to 
form other volatiles, and work its way up to complete the hydrogen 
cycle. A portion of the H2 might eventually escape into space. Plate 
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Figure 2 | Integrated XRD pattern and Rietveld refinement of the 
pyrite-type FeO2 phase. a, FeO2 synthesized from Fe2O3 and O2 at 76 GPa 
with R indices R1 = 0.0663 and wR2 = 0.171. Blue stars belong to the 
Aba2 phase of Fe2O3. We attribute the residual peaks to post-perovskite-
type (pPv) Fe2O3 and O2. b, FeO2 synthesized from FeOOH at 92 GPa, 
with R indices, R1 = 0.0541 and wR2 = 0.167. Red stars refer to residual 
ε-FeOOH. Similar results are reproduced in multiple experiments for each 
composition.
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Figure 1 | The FeO2 phase. a, A two-dimensional XRD image of the 
Fe2O3 + O2 experiment at 76 GPa after laser heating, collected at 
ω = −8.5°, with X-ray wavelength of 0.6199 Å. The original image in 
2θ–η polar coordination is converted into Cartesian coordinates. The 
newly developed sharp spots are from several single crystals of FeO2, 
while smeared powder rings are from the remaining Fe2O3. Four selected 
diffraction spots and their Miller indices from the P-phase are shown 
below. Their observed Bragg angles (2θ), rotation angles (ω) and azimuthal 
angles (η) are listed in Extended Data Table 1. b, A microphotographic 
image of FeO2 through diamond culets. c, Structural representation of the 
pyrite-type FeO2.
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Figure 3 | Raman peak of the hydrogen Q1 vibron in dense neon. 
Data points (blue circles) below 45 GPa and the top inset are taken from 
Loubeyre’s hydrogen vibron measurements of H2 in the Ne matrix15. The 
blue dashed curve is the fourth-order polynomial fitting given by ref. 15. 
Data points (red squares) above 80 GPa and the bottom inset are taken 
from the present results of our FeOOH experiment after laser heating 
and during decompression to 80 GPa. The sharp hydrogen vibron peak at 
5,180–5,170 cm−1 clearly indicates the hydrogen H2 in the neon matrix. 
Errors of frequency are calculated from the full-width half-maximum 
of the Raman peak. Pressure uncertainty is derived from multiple 
measurements of diamond line shifts at the centre of the culet.
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Synthesis of Na-H compounds

the experimentally determined lattice parameters and cell volume
(at 40 GPa: a¼ 3.332 Å, b¼ 6.354 Å and c¼ 4.142 Å with
Vpfu¼ 21.93 Å3) of NaH3 are in full agreement with the
theoretical predictions (Fig. 4). However, there are a few
reflections that cannot be indexed with the NaH3 cell. For
hydrogen contents lower than in NaH5, the phonon density of
states has two well-separated bands, below 1,500 cm" 1 for Na–H
interactions and around 4,000 cm" 1 for H2 vibrations. At higher
hydrogen concentrations, we found the formation of other
intermediate frequency bands near 3,200 cm" 1. Having in mind
that NaHn phases (with no7) cannot support the existence of
Raman modes at 3,200 cm" 1 (Supplementary Figs 5, 6, 8, 9, 11,
12, 14, 15, 17, 18 and 21) we have to include phases with n46
(refs 7,9) in our analysis. From the various phases only the
monoclinic Cc NaH7 phase shows reasonable agreement with the
observed patterns. Indeed, some of the main observed reflections

can only be indexed with the NaH7 phase with experimental
lattice parameters a¼ 6.99 Å, b¼ 3.597 Å, c¼ 5.541 Å and
b¼ 69.465! (theoretical values a¼ 6.732 Å, b¼ 3.643 Å,
c¼ 5.577 Å and b¼ 69.36!) at 40 GPa. With the use of both
phases, NaH3 and NaH7, we have successfully indexed all
observed reflections of the synthesized mixed-NaHn material
(Fig. 4). The experimental and theoretical lattice parameters and
volume are summarized as a function of pressure in Fig. 5.
Notably, while the experimental volumes of NaH3 and NaHþH2
are very close, the volume of NaH7 is significantly lower than that
of NaHþ 3H2. The PV term of NaH3 is practically the same
(given the experimental error in both the reported EOS of NaH
and H2) with that of NaHþH2. There is very good agreement
between observed and theoretically predicted relative intensities
of Bragg reflections. However, a refinement of the positional
parameters was not possible due to the ‘spotty’ XRD rings.
Finally, Fig. 6 provides some details of the electronic structure of
new phases as follows from the theoretical analysis. The electronic
density of states is compatible with insulating phase for both
materials, with a reduced bandgap slightly larger than the value of
2 eV obtained from a DFT calculation. It is well known that
standard DFT method underestimates the bandgaps of most
semiconductors and thus it is expected that the real band gap in
NaH3 and NaH7 could be larger than the calculated one. We
calculated metallization pressures for NaH3 of about 250 GPa,
which are similar to those predicted for higher polyhidrides in ref.
8. For NaH7 we found that electronic density contours clearly
indicate formation of H3-units—Fig. 6(c,d).

Discussion
The Raman and XRD data point to the formation of Na
polyhydrides in the predicted stability range (above 20 GPa).
While we were unable to isolate a single well-defined polyhydride
phase, the data analysis strongly supports the existence of several
phases (NaH3 and NaH7, and possibly higher polyhydrides) in
the reacted sample. Most of the theoretically predicted stable Na
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Figure 3 | Structural information from XRD measurements. XRD raw pattern (black) of the reacted area of the sample at 50 GPa, containing Bragg peaks
from BCC NaH and FCC Au, which are indicated by arrows. The red XRD pattern is from a non-reacted area of the sample containing only BCC NaH and
FCC Au. The perfect match of the position of the NaH peaks between the reacted and the non-reacted area justifies our argument about the origin of these
peaks. The inset shows a reacted sample, dark sample in a gasket hole is AuþNa. The transparent part is NaHþH2, the smaller dark circle with a green
laser spot is a reacted area. The darker colour of the reacted area is compatible with a reduced bandgap (B2 eV) obtained in the DFT calculations (Fig. 6).
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Two hydrogen-rich compounds, NaH3 and NaH7 were synthesized at 
high P-T. The characterization was performed via XRD and Raman 
analysis in combination with theoretical calculations. 

polyhydride phases have low-symmetry structures, which are
extremely difficult to characterize by XRD from the small samples
available in the laser-heated region. While prolonged laser heating

at well-defined P-T conditions may be beneficial for growing a
single-phase sample, such experiments are still inaccessible due to
the high reactivity of hot hydrogen with diamond anvils.
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Figure 6 | Calculated electronic properties of NaH3 and NaH7 at 50 GPa. Density of electronic states of NaH3 (a) and NaH7 (b). (c) A contour plot of
H3! unit in NaH7. This image shows a charge density contour with a saturation level of 0.3 electrons Å! 3 (which is much higher than 0.07 of the
isosurface plot in Fig. 2). An equi-charge density level of H3! unit is evident from the plot, which was prepared for the Miller indices (1 2 ! 1). (d) Bader
analysis showing excessive charge of individual atoms in NaH7. Na cations have a charge þ0.82 and ionic linked hydride H has a charge of !0.46. H2

molecules with higher vibron frequencies have less polarized charges (they form pairs with charges !0.06 & !0.04, !0.06 & !0.03, 0 & !0.09,
!0.02 & !0.08, þ0.07 & !0.16). However, the H2 molecules which are linked to the hydride ion H(!0.46) are highly polarized (þ0.14 & !0.30,
þ0.13 & !0.30, þ0.11 & !0.27, þ0.09 & !0.26).
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polyhydride phases have low-symmetry structures, which are
extremely difficult to characterize by XRD from the small samples
available in the laser-heated region. While prolonged laser heating

at well-defined P-T conditions may be beneficial for growing a
single-phase sample, such experiments are still inaccessible due to
the high reactivity of hot hydrogen with diamond anvils.
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Figure 6 | Calculated electronic properties of NaH3 and NaH7 at 50 GPa. Density of electronic states of NaH3 (a) and NaH7 (b). (c) A contour plot of
H3! unit in NaH7. This image shows a charge density contour with a saturation level of 0.3 electrons Å! 3 (which is much higher than 0.07 of the
isosurface plot in Fig. 2). An equi-charge density level of H3! unit is evident from the plot, which was prepared for the Miller indices (1 2 ! 1). (d) Bader
analysis showing excessive charge of individual atoms in NaH7. Na cations have a charge þ0.82 and ionic linked hydride H has a charge of !0.46. H2

molecules with higher vibron frequencies have less polarized charges (they form pairs with charges !0.06 & !0.04, !0.06 & !0.03, 0 & !0.09,
!0.02 & !0.08, þ0.07 & !0.16). However, the H2 molecules which are linked to the hydride ion H(!0.46) are highly polarized (þ0.14 & !0.30,
þ0.13 & !0.30, þ0.11 & !0.27, þ0.09 & !0.26).
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Most synchrotron and neutron techniques can be applied to high pressure 
studies, but in most cases the data quality is decreased and the analysis is 
not straightforward.  
Data are affected by limited access, absorption and scattering of the 
windows. 
Samples might be non ideal in thickness and size,  show severe strain 
range, coexistence of polymorphs and reacted and unreacted material. 
• data analysis might require corrections and tailored manipulation, 
• often the data interpretation is not unique, hence multiple techniques and 
theoretical calculations are necessary to solve a problem. 
Synchrotron and neutron high-pressure techniques are very rapidly 
evolving allowing for new and better science to be performed.  
This is indeed a very good time for high-pressure science as new 
experimental opportunities are becoming available!

Peculiarities of high-pressure data



XAFS, challenges of DAC measurements
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Figure 1. Ge K-edge XAFS of GeO2 glass at 64 GPa obtained 
by classic energy-scan transmission mode across the diamond anvils (300 
Pm culet) at different angle settings. The X-ray absorption spectrum shows 
extra peaks due to Bragg diffraction by the single-crystal diamond anvils. 
The bottom curve shows the spectrum obtained after application of the 
glitch removal algorithm. 
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Figure 2. The k2-weighted χ(k) plots of GeO2 glass 

under pressure. Due to the L3 edge of Pt (11,564 eV) coating 
layer in the focusing mirror, all data are limited to 11,560 eV. 

 
 
The k2-weighted χ(k) plots of GeO2 glass under high pressures are shown in Figure 2. As pressure 
increases, the EXAFS oscillations shift to lower k values, which mean some elongation of local bond 

4

DAC experiments are performed in different geometries:
• radial, sample thickness and uniformity are hardly ideal
• axial, glitches appear in the spectra due to diamond diffraction

synthesized from graphite by a direct conversion sintering
method under high pressure and high temperature (Irifune et
al., 2003; Sumiya et al., 2004). Because an NPD consists of
randomly oriented diamond grains that are several tens of
nanometers in size, the Bragg law is always satisfied inde-
pendently of the photon energy E. Therefore, it is expected
that the Bragg diffraction from NPD anvils provides a smooth
background to the absorption spectrum in contrast to the
glitches from SCD anvils. This characteristic of the NPD anvils
is suitable for the X-ray spectroscopic methodology under
high pressure. Fig. 1 shows a photograph of SCD and NPD
anvils. Although the NPD anvil has a dark yellow color owing
to nitrogen inclusion, optical transparency to observe the
sample room is ensured. The hardness of NPD is comparable
with or even higher than that of a SCD (Sumiya & Irifune,
2007), and the maximum pressure of the NPD anvils with a
culet size of more than 300 mm is 1.5–2 times higher than that
of SCD anvils (Nakamoto et al., 2011). These characteristics
of the NPD enable the measurements of glitch-free X-ray
absorption spectra under megabar pressures. Two reports of
EXAFS and magnetic EXAFS studies using the NPD anvils
already exist (Matsumoto et al., 2011; Baldini et al., 2011).
Both reports show that glitch-free spectra were obtained, and
that the local structure around the absorbing atom was
successfully determined.

This paper addresses the issue of glitches from a technical
viewpoint. We have conducted a comparative study of the
X-ray absorption spectrum obtained using the SCD and the
NPD anvils. The influence of Bragg diffraction from the two
anvils is discussed by a comparison of the glitch map of NPD
anvils with that of SCD anvils. It is concluded that the use of
the NPD anvils is highly advantageous to X-ray spectroscopy
under high pressure.

2. Glitches from the SCD anvils

Fig. 2 shows a glitch map of an SCD represented by the Ewald
sphere in reciprocal space. In order to project all the reci-

procal lattice points on the two-dimensional map, each point is
plotted using the components parallel and perpendicular to
the incident X-ray (wavevector k0). The diameter of the Ewald
sphere increases in proportion to the photon energy. When the
Ewald sphere of a particular value of E touches an hkl lattice
point, an hkl reflection occurs and a glitch appears at that E.
Because commercially available diamond anvils are symme-
trically cut around their a-axis with several degrees of offset
angle (Sapelkin & Bayliss, 2001), two cases are considered in
the glitch map: !off = 0! and !off = 4!, where !off represents the
angle between k0 and the a-axis. In this study, !off of six SCD
anvils was determined by the Laue diffraction patterns, and
the average !off with its standard deviation was estimated to be
4! " 2!. The glitch map of !off = 4! corresponds to a geometry
where the SCD anvil is rotated by 1.8! around the horizontal
axis and 3.6! around the vertical axis. We suppose that both
rotation axes are perpendicular to k0, and each axis is parallel
to the b- or c-axis of the SCD anvil when !off = 0!. The crys-
tallographically equivalent reciprocal lattice points are located
at the same position for !off = 0!, whereas they are concen-
trically scattered around the original position for !off = 4!. In
the case of !off = 0!, there are two energy ranges where the
reciprocal lattice point is absent: E# 5.21 keV and 6.95 keV#
E # 9.38 keV. In the energy range above E = 9.38 keV, the
reciprocal lattice points are densely distributed, therefore the
removal of the glitches is more difficult. The absorption
experiment in the energy range E # 5.21 keV is quite difficult
because of the large absorption of X-rays (Dadashev et al.,
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Figure 1
Photograph of the NPD (left) and the SCD (right) anvils used in this
study. Both anvils have an outer diameter of 2.0 mm and a culet size of
0.45 mm. The height of the anvils is 1.0 mm. The scale is 0.5 mm per
division. This figure will appear in color in the online version of the paper.

Figure 2
Glitch map of an SCD. The closed circles represent the reciprocal lattice
points of the SCD when !off = 0!. !off corresponds to the angle between
the incident X-ray k0 and the a-axis. The open circles are the reciprocal
lattice points when !off = 4!. The lower abscissa shows the diameter of the
Ewald sphere in units of the photon energy E. The half circles a, b and c
correspond to Ewald spheres of E = 5.21 keV, 6.95 keV and 9.38 keV,
respectively. The two gray regions surrounded by the Ewald spheres
indicate the traces of the Ewald sphere in the energy regions where
glitches appear less frequently in the case of !off = 0!. The lattice constant
of the diamond is set to 3.5671 Å. This figure will appear in color in the
online version of the paper.

mounted on an xy!’ positioner including translational, rotary
and tilt stages, which could provide all the necessary degrees
of freedom for alignment of the PHL. The PHL focusing
optics has a focus depth of about 300 mm. A spot size of 65 mm
FWHM and PHL tip-to-focus distance of 21 mm are measured
for the focused beam at 10 keV, meaning that the sample
would need to be placed 21 mm away from the tip of the PHL.
The exit-angle divergence from the PHL optics can therefore
be estimated to be about 15 mrad. The beam size decreases as
a function of increasing X-ray energy, and is between 48 and
74 mm in the 7–15 keV energy range with a transmission effi-
ciency of 37–21%.

The combined micro-optics configuration of the toroidal
mirror and PHL are used in energy-scanning m-EXAFS (m-
XANES and m-EXAFS) for both fluorescence and transmis-
sion modes at beamline 4W1B. For the transmission m-
EXAFS, two AXUV36 Si photodiodes manufactured by IRD
(International Radiation Detectors, http://www.ird-inc.com/
index.html), which consist of a Si chip of thickness 5 mm,
substitute for ion chambers and are used to measure the flux
of the incoming and transmitted microbeam, since the PHL
tip-to-focus distance (21 mm) is very limited and the beam
diverges rapidly from the tip of the PHL. As displayed in Fig. 1,
the first Si photodiode (SPD) is placed between the DAC and
PHL, and kept as close as possible to the tip of the PHL. The
DAC holder is fixed upon a xyz!’ stage. The three translations
and two rotations stage, with its origin at the exit of the PHL
optics, the x-axis in the horizontal plane defined by the

synchrotron orbit, the y-axis in the vertical direction, the z-
axis along the X-ray beam propagation, the ! rotation around
the y-axis and the ’ rotation around the z-axis, is used for
optimizing the position and orientation of the DAC simulta-
neously. A second SPD is located downstream of the DAC
holder to monitor the microbeam.

In the present high-pressure experiments, a piston-type
DAC designed by Bayerisches Geoinstitut, Germany, was
employed for XAFS measurements. The pair of anvils is of
thickness 4.4 mm with 300 mm-diameter culets. A hole of
approximately 100 mm in diameter was drilled in the center as
the sample chamber in the pre-indented 40 mm rhenium
gasket. Owing to its softness and lower X-ray absorption
properties, LiF was used as the pressure-transmitting medium.
The thickness of polycrystalline Ge powder with 99.999%
purity (Sigma-Aldrich) was about 14.2 mm in order to guar-
antee that the edge jump of Ge is around unity during the
compression process. One small ruby sphere was loaded into
the corner of the sample chamber for pressure calibration
according to its R1 fluorescence peak position. The
measurements were performed up to 23.7 GPa. The high-
pressure XAFS spectra of polycrystalline Ge powder were
collected by scanning the energy from !200 to 800 eV. The
XAFS data were analyzed using IFEFFIT (Ravel & Newville,
2005).

3. Results and discussion

A comparison with the well established transmission-mode
XAFS method by using ion chambers would be a strict
criterion for our method by using Si photodiodes to monitor
the X-ray beam, and to ensure that the XAFS spectrum is not
distorted by the Si photodiode. The transmission Ge K-edge
XAS spectra of polycrystalline Ge powder are recorded under
ambient conditions with Si photodiodes and ion chambers,
respectively, and then are background-subtracted, normalized
and plotted in Fig. 2(a) for comparison. No obvious discre-
pancy has been observed. Figs. 2(b) and 2(c) show the k2-
weighted "(k) functions and their Fourier transforms,
respectively. The excellent consistency has demonstrated that
high-quality transmission XAFS spectra can be obtained using
Si photodiodes to measure both the incident and transmission
X-ray flux. In addition, the Bragg reflection glitches caused by
the Si single crystal of Si photodiode itself are not observed in
this energy range. It is obvious that the PHL optical system
certainly plays an important role in avoiding the Bragg peaks
of silicon. Recently, Krumrey et al. have reported a trans-
mission performance comparison among several different Si
photodiodes (Krumrey et al., 2007). Their results show that
thin photodiodes are well suited as transmission intensity
detectors for hard X-rays with photon energy above "4 keV,
but their responsivity and transmittance depend critically on
the thickness and homogeneity of the Si chips, which should be
further improved by the manufacturers.

In order to examine the performance of our PHL optics on
suppression of DAC glitches, we have measured four Ge K-
edge XAFS spectra of polycrystalline Ge powder using a
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Figure 1
Top: photograph showing the top view of the experimental set-up at
beamline 4W1B. Downstream of the PHL tip is the 1#SPD. The DAC is
mounted on a holder which is on a motorized xyz!’ stage, followed by the
2#SPD. Bottom: schematic illustration showing a side view of the detailed
geometry of the high-pressure XAFS experimental set-up with a DAC.

synthesized from graphite by a direct conversion sintering
method under high pressure and high temperature (Irifune et
al., 2003; Sumiya et al., 2004). Because an NPD consists of
randomly oriented diamond grains that are several tens of
nanometers in size, the Bragg law is always satisfied inde-
pendently of the photon energy E. Therefore, it is expected
that the Bragg diffraction from NPD anvils provides a smooth
background to the absorption spectrum in contrast to the
glitches from SCD anvils. This characteristic of the NPD anvils
is suitable for the X-ray spectroscopic methodology under
high pressure. Fig. 1 shows a photograph of SCD and NPD
anvils. Although the NPD anvil has a dark yellow color owing
to nitrogen inclusion, optical transparency to observe the
sample room is ensured. The hardness of NPD is comparable
with or even higher than that of a SCD (Sumiya & Irifune,
2007), and the maximum pressure of the NPD anvils with a
culet size of more than 300 mm is 1.5–2 times higher than that
of SCD anvils (Nakamoto et al., 2011). These characteristics
of the NPD enable the measurements of glitch-free X-ray
absorption spectra under megabar pressures. Two reports of
EXAFS and magnetic EXAFS studies using the NPD anvils
already exist (Matsumoto et al., 2011; Baldini et al., 2011).
Both reports show that glitch-free spectra were obtained, and
that the local structure around the absorbing atom was
successfully determined.

This paper addresses the issue of glitches from a technical
viewpoint. We have conducted a comparative study of the
X-ray absorption spectrum obtained using the SCD and the
NPD anvils. The influence of Bragg diffraction from the two
anvils is discussed by a comparison of the glitch map of NPD
anvils with that of SCD anvils. It is concluded that the use of
the NPD anvils is highly advantageous to X-ray spectroscopy
under high pressure.

2. Glitches from the SCD anvils

Fig. 2 shows a glitch map of an SCD represented by the Ewald
sphere in reciprocal space. In order to project all the reci-

procal lattice points on the two-dimensional map, each point is
plotted using the components parallel and perpendicular to
the incident X-ray (wavevector k0). The diameter of the Ewald
sphere increases in proportion to the photon energy. When the
Ewald sphere of a particular value of E touches an hkl lattice
point, an hkl reflection occurs and a glitch appears at that E.
Because commercially available diamond anvils are symme-
trically cut around their a-axis with several degrees of offset
angle (Sapelkin & Bayliss, 2001), two cases are considered in
the glitch map: !off = 0! and !off = 4!, where !off represents the
angle between k0 and the a-axis. In this study, !off of six SCD
anvils was determined by the Laue diffraction patterns, and
the average !off with its standard deviation was estimated to be
4! " 2!. The glitch map of !off = 4! corresponds to a geometry
where the SCD anvil is rotated by 1.8! around the horizontal
axis and 3.6! around the vertical axis. We suppose that both
rotation axes are perpendicular to k0, and each axis is parallel
to the b- or c-axis of the SCD anvil when !off = 0!. The crys-
tallographically equivalent reciprocal lattice points are located
at the same position for !off = 0!, whereas they are concen-
trically scattered around the original position for !off = 4!. In
the case of !off = 0!, there are two energy ranges where the
reciprocal lattice point is absent: E# 5.21 keV and 6.95 keV#
E # 9.38 keV. In the energy range above E = 9.38 keV, the
reciprocal lattice points are densely distributed, therefore the
removal of the glitches is more difficult. The absorption
experiment in the energy range E # 5.21 keV is quite difficult
because of the large absorption of X-rays (Dadashev et al.,
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Figure 1
Photograph of the NPD (left) and the SCD (right) anvils used in this
study. Both anvils have an outer diameter of 2.0 mm and a culet size of
0.45 mm. The height of the anvils is 1.0 mm. The scale is 0.5 mm per
division. This figure will appear in color in the online version of the paper.

Figure 2
Glitch map of an SCD. The closed circles represent the reciprocal lattice
points of the SCD when !off = 0!. !off corresponds to the angle between
the incident X-ray k0 and the a-axis. The open circles are the reciprocal
lattice points when !off = 4!. The lower abscissa shows the diameter of the
Ewald sphere in units of the photon energy E. The half circles a, b and c
correspond to Ewald spheres of E = 5.21 keV, 6.95 keV and 9.38 keV,
respectively. The two gray regions surrounded by the Ewald spheres
indicate the traces of the Ewald sphere in the energy regions where
glitches appear less frequently in the case of !off = 0!. The lattice constant
of the diamond is set to 3.5671 Å. This figure will appear in color in the
online version of the paper.

Glitch removal algorithm
Hong et al., J.Phys.: Conf. Series, 
2013

Nano crystalline anvils
Ishimatsu et al., J Synchr. Rad., 2012

Use of polycapillary half-lens
Chen et al., J. Synchrotron Radiation, 2013



• Great efforts are made to obtain relatively high quality crystals, these 
include use of soft pressure-transmitting media and/or annealing.  

• Wide access conical anvils (Boehler & De Hansetters 2004) and/or 
semitransparent seats are critical for high-pressure crystallography. 

Monochromatic single-crystal micro diffraction in the DAC
Barbara Lavina, LLNL, Oct 2010

Single crystal diffraction 

• the technique requires standard HP diffraction beamline setup (16IDB, 16BMD, 13IDD, 
13BMD)

• careful loading  of small crystals
• careful setup and alignment of the crystal 
• wide angular opening of the DAC, conical anvils (Boehler and De Hantsetters, 2004) are ideal
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DAC

50 μm

WIDE ACCESS DAC & diamonds



example of diffraction peaks distribution  
in the reciprocal space

Reciprocal space access
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FIG. 4. Map of reciprocal space available to cell and the 
relationship of the variables used to calculate the recIprocal volumes. 
The total accessible reciprocal volume V m, is indicated by the total 
shaded region. (V6) total volume enclosed within full sphere S6 with 
radius 79 defined by practical diffraction angle limit 20, (Vc) volume 
accessible to pressure cell within the sphere S9 is indicated by darker 
shading. 

the substitution of variables x=a-I{J, then -cosxdx 
=cos(a-l{J)dl{J and Vm can be expressed as 

3271" fa 
V m=- sin3x cos(a-x)dx. 

3}..3 0 
(3) 

This expression is readily integrated by expanding cos(a-x) 
in terms of its trigonometric identity giving 

4?r 
V m=- sina(a-sin a cos a). 

}..3 
(4) 

The accessible volume V m is shown in Fig. 4 as the region 
enclosed by a toroidal surface whose cross sectional area is 
indicated by the shading. The bounding curves enclosing 
this shaded region are arcs of a circle whose radius is 1/}", the 
same as the radius of the reflection sphere. Equation (1) is 
the equation of this arc in the first quadrant. While Eq. (4) 
gives the total volume in reciprocal space accessible when 
using the pressure cell, it is more meaningful to compare the 
amount of reciprocal space in the region in which the actual 
data are obtained. Using Mo radiation, the number of 
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DEGREES TWO THETA 

FIG. 5. (V x/V9, x=c, m) (a) Ratio of Vc the accessible volume in S6 to 
V9 the total volume in S9. (b) Ratio of Vc the accessible volume in S9 to 
V m the maximum volume accessible to the pressure cell. 
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reflections necessary for a structure determination can 
generally be collected within the 28 range of 40°-60°. For 
comparison, we define a sphere S6 which includes all of 
reciprocal space up to the practical limit of data collection, 
em. The volume of this enclosed region is 

3271" 
V6=- sin3 em. 

3;\3 
(5) 

Of the volume of this sphere in reciprocal space, one is 
interested in that fraction which is accessible to the pressure 
cell. This fraction can be obtained by solving for the ratio 
VjV6 where Vc is the accessible volume within S6 (see 
Fig. 4). The accessible volume Vc can be evaluated in the 
same manner as Eq. (2) by breaking the integral into two 
parts and integrating over the appropriate limits (Fig. 4). 

Vc=2 i21r i{3 i T

9 r2 cos I{Jdrdl{Jdw 

+2 i21r i" iTl 

r2 cos I{Jdr dl{J dw, (6) 

where 
r6 = [2 sin(a-fJ)/;\J, (0:::; l{J:::;m, (7) 

giving the desired fraction 

3[ sin a ] Vc/V6=- sin (a-8)+--(e-sin 8 cos 8) , 
4 2sin3 e 

where (o:::;e:::;a). (8) 

These data are plotted in Fig. 5 fora=40, 50, and 60°. For 
the pressure cell described in this work (a=500), at the 2e 
limits 40, 50, and 60°, Vc/V6 equals 58%, 52%, and 46%, 
respectively. 

Since Vc is the accessible volume in reciprocal space out to 
some practical 2e limit in which the intensity data are 
collected, it is of interest to know what fraction this is of the 
total accessible reciprocal volume V m. These data are plotted 
in Fig. 5 as Vc/V m vs 2e for the casea=50°. Examination of 
this curve shows that at a 2e limit of 60°, 55% of the total 
accessible volume V m can be reached. The foregoing analysis 
applies to the use of a full circle goniometer or the precession 
method. 

It should be noted that the important feature of data 
collection for a structure determination is not the total 
number of reflections but is the number of independent 
reflections that can be collected. In monoclinic CaC03 (II) 
for example, there are 1680 lattice points in a full sphere of 
radius r6(8=25°) but only approximately 420 independent 
reflections. In this range, however, the total number of 
reflections accessible to the pressure cell (a = 50°) is 870, of 
which approximately 215 are independent. With crystals of 
higher symmetry, the number of independent reflections 
that can be collected in this range of 2e will approach 100% 
due to the larger number of equivalent reflections present. In 
all crystal systems with the exception of cubic there is a 
possibility of lattice points along a unique axis or plane 
falling within an inaccessible region of reciprocal space due to 
the orientation of the crystal in the pressure cell. If the type 

Downloaded 06 Apr 2012 to 131.216.64.30. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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The DAC body determine large blind regions
• rotation range bounded by upstream cell 
opening
• diffracted beams are confined to a cone 
defined by the downstream opening



Some peaks are discarded due to overlapping with parasitic 
scattering 

Partial and overlapping peaks



Intensity of the beam transmitted through the DAC as a 
function of the rotation angle

•  the incident beam as well as the beam diffracted by the sample are 
attenuated by diamond diffraction events 

•  the intensity reduction is significant 
•  sample peaks are randomly affected by this problem 
•  it is possible but not practical to correct for diamond diffraction glitches 
•  the effect is minimized by collecting highly redundant datasets

Glitches caused by diamond diffraction
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Text

Variable illuminated crystal volume
crystal vs beam size w = 0° w = 35° w = 35°

SoC � 0 SoC ⇥= 0
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� (unfocused) g h i
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Figure 6: The figure shows a schematic projection down to the vertical axis of a range of settings encountered
in HP-�SXD experiments viewed down to the vertical axis. The crosshair with the two horizontal axes along
the beam and perpendicular to the beam (h) define the instrument center; the circle center defines the
emergence of the ⇥ axis. The beam profile is represented with a color scale. The crystal is shown in blue.

ADD CROISSHAIR AND OMEGA, PICK A COLOR FOR ALL DRAWINGS_SUM OG GAUSSIANS..

Figure 7: The first three sketches show a misaligned crystal (or a large sphere of confusion instrument) viewed
perpendicularly to the beam direction at three values of � rotation. The beam is assumed to have a nearly
gaussian shape where yellow, orange and red show areas of low, medium and high intensity. The sketch on
the right represents the x-ray flux on the same crystal when multiple oscillations images are collected at
three di�erent horizontal positions. The x-ray flux on the misaligned crystal is highly variable in a single
oscillation, the e�ect is smoothened by collecting multiple oscillations.

9

crystal 
larger than 
the beam 

similar size 
/ centered

similar size 
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small 
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• In case of crystals much larger than the beam, the volume of crystal in 
the beam shows a simple variation (cosω)  

• An empirical correction can be obtained for high symmetry structures 

• After eventual corrections for DAC absorption, we can study the ω-
dependence of the relative difference between the intensity of a reflection 
with respect to the average of the set of equivalents: (Ihkl - <Ihkl>)/<Ihkl> 

• We can express such changes as an ω-dependent correction to be 
applied to the incident flux and the initial volume of crystal intercepting the 
beam 

Variations of I*Vcr: Empirical correction



Comparison of refined parameters from raw and corrected data with the literature

•The comparison suggests that the empirical  correction can be very 
effective for high-symmetry crystals 

•Although model-dependent, such correction may be derived, with 
caution, from FO-Fc values 

Correction for a poorly aligned magnetite crystal

Rint % R1 % Rall % wR2 % Goof u UO (Å

2) UT (Å

2) UM (Å

2)

Sasaki (1997) 1.6 1.0 0.2555(2) 0.0084(4) 0.0065(2) 0.0067(2)

raw data 31 5.3 5.3 12.3 0.95 0.253(1) 0.001(3) 0.003(2) 0.001(2)

corrected 7.3 1.8 1.8 3.6 1.41 0.2552(4) 0.008(1) 0.0078(5) 0.0062(5)

Table 1: Comparison of statistical and structural parameters obtained from the

single crystal structural refinement of a magnetite crystal loaded at 20 GPa.

The correction was empirically derived from the plot in Fig. ??. UO, UT ,

UM : isotropic displacement parameters of oxygen and of iron in tetrahedral

and octahedral sites respectively. add ambient data from literature!! add Ntot
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Schematic view perpendicular to the beam of a 
rotating crystal and “three beams”

• In some cases the instrument and sample alignment are hardly controllable. 
This is for instance the case of cryostat measurements requiring bulky 
equipment with external pipes that apply a torque on the sample stage, 
increasing the instrument sphere of confusion 

• A possible solution consists in the collection of multiple diffraction images at 
different positions at ω0

Rastering oscillation images

the use of a microsphere allows excellent focusing 
and reproducible positioning

~4 µm Re sphere



Application: Single crystal diffraction of FeCO3 to 90 GPa
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High P-T Synthesis:  
New Iron Oxides

HPCAT-16IDB 
laser heating system 
Meng et al. RSI 2015

heated spot
15-50 μm ∅
1500-2500 K

temperature gradients cause severe heterogeneities





Challenges In Synthesis And Characterization

• minimal samples strain are important to characterize structures with 
relatively large unit cells, in a soft medium grain growth exacerbates 
thermal gradients  

• large thermal gradients may cause chemical gradients in addition to 
grain size and phase heterogeneity 

• non stoichiometry and defect structures are to be expected in Fe-O 
compounds  

• such problems are much greater in systems with complex phase 
diagram

Most syntheses result in highly heterogeneous samples 
with respect to phase and grain size



Grain Size Variability

As a result of thermal 
gradients, laser-heated 
samples might develop a 
range of grain sizes.  
Often, no ideal powder or 
single crystal patterns can be 
collected. 
It is apparent that data 
collection, reduction and 
analysis strategies needs to 
be tailored to the grain size.



Fe5O6 Large Grains Patterns From Selected Locations



Procedure Video Publication

http://www.jove.com/video/50613
https://barbaralavina.wordpress.com/ HiPSEC review, January 2014Barbara Lavina

Proper structural analysis of LH-DAC samples: Mapping, 
powder, SXD, multigrain analysis

In a video-publication, the procedures that led to the discovery of Fe4O5 
are thoroughly described 

http://email.jove.com/wf/click?upn=-2Bx7dpxF9xg52ckyzY5GokUvNRZIKvidYgTQWxhduOO9LKWrrQcULOZGqbZ5-2FkarC_Te8W52d8igzDcESCUgJEGev6hMkRkJdE98W-2FWumAeE2-2F5uTwysorRuRMAKS3WcklB-2FGAkScpuyyBminbb8NoZXDGh6XkjNGRrfi-2Fzl3XXPjbJW70nAM7CKLLVEEK-2Bw0OTqzyqoN5x5475jqLwzvlNW-2FTiHD-2BKG3OygB6uMarR7eu-2BWBTX2n5tK5ykZwoLrLy6p0o5F-2FFTK-2FhMbjxGbRJYHafBRTJMe-2BarR89FQqhCUWsWbuyDdmgX2BUN8UaQ17z3-2FQnai0mCC0lOlxJOoMaZA-3D-3D
https://barbaralavina.wordpress.com


Two New High-P Iron Oxides

Fe4O5h-Fe3O4 Fe5O6

GEOPHYS I CS

Unraveling the complexity of iron oxides at high
pressure and temperature: Synthesis of Fe5O6

Barbara Lavina1* and Yue Meng2

The iron-oxygen system is the most important reference of rocks’ redox state. Even as minor components, iron
oxides can play a critical role in redox equilibria, which affect the speciation of the fluid phases chemical differen-
tiation, melting, and physical properties. Until our recent finding of Fe4O5, iron oxides were assumed to comprise
only the polymorphs of FeO, Fe3O4, and Fe2O3. Combining synthesis at high pressure and temperature with micro-
diffraction mapping, we have identified yet another distinct iron oxide, Fe5O6. The new compound, which has an
orthorhombic structure, was obtained in the pressure range from 10 to 20 GPa upon laser heating mixtures of iron
and hematite at ~2000 K, and is recoverable to ambient conditions. The high-pressure orthorhombic iron oxides
Fe5O6, Fe4O5, and h-Fe3O4 display similar iron coordination geometries and structural arrangements, and indeed
exhibit coherent systematic behavior of crystallographic parameters and compressibility. Fe5O6, along with FeO
and Fe4O5, is a candidate key minor phase of planetary interiors; as such, it is of major petrological and geo-
chemical importance. We are revealing an unforeseen complexity in the Fe-O system with four different
compounds—FeO, Fe5O6, Fe4O5, and h-Fe3O4—in a narrow compositional range (0.75 < Fe/O < 1.0). New, finely
spaced oxygen buffers at conditions of the Earth’s mantle can be defined.

INTRODUCTION

Iron and oxygen are two of the most abundant elements of terrestrial
planets. Participating in redox equilibria and carrying magnetism, the
petrological and geochemical significance of iron oxides far exceeds
their abundance (1). Extreme conditions control planetary interior
processes and dynamics, as well as the outcome of large impacts on
planets’ surfaces. Thus, it is fundamental to define structures, stability,
properties, and crystal chemistry of iron oxides at high pressure and
temperature.

The recent discovery of the high-pressure compound Fe4O5 (2)
demonstrates that our understanding of one of the binary systemsmost
important for the evolution of terrestrial planets is far too limited. The
implied assumption that only the polymorphism of previously known
iron oxides should be determined has been proven to limit our perspec-
tives on planetary modeling. Fe4O5 has a layered structure stable at
pressures greater than 10 GPa (2) and up to at least 40 GPa (3). Com-
positionally, its stability range extends toward high oxygen contents, be-
cause Fe3O4 was observed to break down into Fe4O5 and hematite at
about 10 GPa (4). Furthermore, Fe4O5 has been found to accept large
amounts of isomorphous substitutions (5). There is a clear parallelism
between the structures of high-pressure orthorhombic iron oxides and
those of calcium ferrites. Fe4O5 adopts the same structure of CaFe3O5

(2), whereas h-Fe3O4 assumes the arrangement of CaTi2O4, which is
similar to the structure of CaFe2O4. On the basis of this systematics,
we speculated that a new iron oxide might be stable at high pressure,
a compound analogous to CaFe4O6 (6). We thereby investigated the
FeO system at compositions close to Fe/O = 0.83 at high pressure
and temperature, adopting advanced structural analysis techniques.
Here, we report the discovery of a new compound, Fe5O6.

RESULTS

Mixtures of iron and hematite (Fe + 2Fe2O3 → Fe5O6) were pressur-
ized to targeted pressure values (10 to 20 GPa) and subsequently
heated up to ~2300 K using the online double-sided infrared (IR) laser
heating technique (7). The samples, roughly 80 to 200 mm in diameter
and 10 mm in thickness, were translated in front of the laser beams to
convert most of the starting material into high-pressure products. The
reaction progress was monitored by collecting diffraction patterns every
~30 s during the heating. The conversion of iron and hematite mixtures
to high-pressure forms of oxides is prompt and complete upon achieving
homogeneous heating. We heated some samples for up to 30 minutes
and did not observe further phase changes. The high-pressure phases
show unstrained diffraction peaks and grain size growth as shown by
the spotty Debye rings in fig. S1. These observations suggest that the
reactions proceeded toward definite lower energetic minima. There is
no evidence of dissociation reactions or phase transitions upon tem-
perature quenching (figs. S2 and S3).

After the synthesis, samples typically display heterogeneity with
respect to phase and grain size distributions. Heterogeneities are a
consequence of thermally induced chemical gradients and the nar-
row compositional differences between high-pressure orthorhombic
iron oxides. Diffraction data were collected in fine two-dimensional
grids before and after laser heating at high pressure for proper char-
acterization of synthesis products. Themicrodiffraction mapping (8)
allowed us to identify all phases, find the locations most suitable for the
crystallographic analysis of each phase, andmap the phase distribution.
In most patterns, we observed diffraction peaks that could not be
attributed to any of the known iron oxides. Considering that the inter-
pretation of multiphase powder diffraction data is often non-unique,
particularly when coexisting phases have relatively large and com-
parable unit cell parameters, we performedmultiple syntheses and pur-
posely searched for micrometer-sized crystal grains. Therefore, our
structural determination is based on the larger grains for which the dif-
fraction effects could be isolated in the three dimensions of the re-
ciprocal space.

1High Pressure Science and Engineering Center, University of Nevada, Las Vegas, Las
Vegas, NV 89154–4002, USA. 2High Pressure Collaborative Access Team, Carnegie
Institution of Washington, Argonne, IL 60439–4803, USA.
*Corresponding author. E-mail: lavina@physics.unlv.edu
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Unraveling the complexity of iron oxides at high
pressure and temperature: Synthesis of Fe5O6

Barbara Lavina1* and Yue Meng2

The iron-oxygen system is the most important reference of rocks’ redox state. Even as minor components, iron
oxides can play a critical role in redox equilibria, which affect the speciation of the fluid phases chemical differen-
tiation, melting, and physical properties. Until our recent finding of Fe4O5, iron oxides were assumed to comprise
only the polymorphs of FeO, Fe3O4, and Fe2O3. Combining synthesis at high pressure and temperature with micro-
diffraction mapping, we have identified yet another distinct iron oxide, Fe5O6. The new compound, which has an
orthorhombic structure, was obtained in the pressure range from 10 to 20 GPa upon laser heating mixtures of iron
and hematite at ~2000 K, and is recoverable to ambient conditions. The high-pressure orthorhombic iron oxides
Fe5O6, Fe4O5, and h-Fe3O4 display similar iron coordination geometries and structural arrangements, and indeed
exhibit coherent systematic behavior of crystallographic parameters and compressibility. Fe5O6, along with FeO
and Fe4O5, is a candidate key minor phase of planetary interiors; as such, it is of major petrological and geo-
chemical importance. We are revealing an unforeseen complexity in the Fe-O system with four different
compounds—FeO, Fe5O6, Fe4O5, and h-Fe3O4—in a narrow compositional range (0.75 < Fe/O < 1.0). New, finely
spaced oxygen buffers at conditions of the Earth’s mantle can be defined.

INTRODUCTION

Iron and oxygen are two of the most abundant elements of terrestrial
planets. Participating in redox equilibria and carrying magnetism, the
petrological and geochemical significance of iron oxides far exceeds
their abundance (1). Extreme conditions control planetary interior
processes and dynamics, as well as the outcome of large impacts on
planets’ surfaces. Thus, it is fundamental to define structures, stability,
properties, and crystal chemistry of iron oxides at high pressure and
temperature.

The recent discovery of the high-pressure compound Fe4O5 (2)
demonstrates that our understanding of one of the binary systemsmost
important for the evolution of terrestrial planets is far too limited. The
implied assumption that only the polymorphism of previously known
iron oxides should be determined has been proven to limit our perspec-
tives on planetary modeling. Fe4O5 has a layered structure stable at
pressures greater than 10 GPa (2) and up to at least 40 GPa (3). Com-
positionally, its stability range extends toward high oxygen contents, be-
cause Fe3O4 was observed to break down into Fe4O5 and hematite at
about 10 GPa (4). Furthermore, Fe4O5 has been found to accept large
amounts of isomorphous substitutions (5). There is a clear parallelism
between the structures of high-pressure orthorhombic iron oxides and
those of calcium ferrites. Fe4O5 adopts the same structure of CaFe3O5

(2), whereas h-Fe3O4 assumes the arrangement of CaTi2O4, which is
similar to the structure of CaFe2O4. On the basis of this systematics,
we speculated that a new iron oxide might be stable at high pressure,
a compound analogous to CaFe4O6 (6). We thereby investigated the
FeO system at compositions close to Fe/O = 0.83 at high pressure
and temperature, adopting advanced structural analysis techniques.
Here, we report the discovery of a new compound, Fe5O6.

RESULTS

Mixtures of iron and hematite (Fe + 2Fe2O3 → Fe5O6) were pressur-
ized to targeted pressure values (10 to 20 GPa) and subsequently
heated up to ~2300 K using the online double-sided infrared (IR) laser
heating technique (7). The samples, roughly 80 to 200 mm in diameter
and 10 mm in thickness, were translated in front of the laser beams to
convert most of the starting material into high-pressure products. The
reaction progress was monitored by collecting diffraction patterns every
~30 s during the heating. The conversion of iron and hematite mixtures
to high-pressure forms of oxides is prompt and complete upon achieving
homogeneous heating. We heated some samples for up to 30 minutes
and did not observe further phase changes. The high-pressure phases
show unstrained diffraction peaks and grain size growth as shown by
the spotty Debye rings in fig. S1. These observations suggest that the
reactions proceeded toward definite lower energetic minima. There is
no evidence of dissociation reactions or phase transitions upon tem-
perature quenching (figs. S2 and S3).

After the synthesis, samples typically display heterogeneity with
respect to phase and grain size distributions. Heterogeneities are a
consequence of thermally induced chemical gradients and the nar-
row compositional differences between high-pressure orthorhombic
iron oxides. Diffraction data were collected in fine two-dimensional
grids before and after laser heating at high pressure for proper char-
acterization of synthesis products. Themicrodiffraction mapping (8)
allowed us to identify all phases, find the locations most suitable for the
crystallographic analysis of each phase, andmap the phase distribution.
In most patterns, we observed diffraction peaks that could not be
attributed to any of the known iron oxides. Considering that the inter-
pretation of multiphase powder diffraction data is often non-unique,
particularly when coexisting phases have relatively large and com-
parable unit cell parameters, we performedmultiple syntheses and pur-
posely searched for micrometer-sized crystal grains. Therefore, our
structural determination is based on the larger grains for which the dif-
fraction effects could be isolated in the three dimensions of the re-
ciprocal space.
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Phases of the iron–oxygen binary system are significant to most
scientific disciplines, directly affecting planetary evolution, life,
and technology. Iron oxides have unique electronic properties and
strongly interact with the environment, particularly through redox
reactions. The iron–oxygen phase diagram therefore has been
among the most thoroughly investigated, yet it still holds striking
findings. Here, we report the discovery of an iron oxide with for-
mula Fe4O5, synthesized at high pressure and temperature. The
previously undescribed phase, stable from 5 to at least 30 GPa,
is recoverable to ambient conditions. First-principles calculations
confirm that the iron oxide here described is energetically more
stable than FeOþ Fe3O4 at pressure greater than 10 GPa. The
calculated lattice constants, equation of states, and atomic coordi-
nates are in excellent agreement with experimental data, confirm-
ing the synthesis of Fe4O5. Given the conditions of stability and its
composition, Fe4O5 is a plausible accessory mineral of the Earth’s
upper mantle. The phase has strong ferrimagnetic character com-
parable to magnetite. The ability to synthesize the material at
accessible conditions and recover it at ambient conditions, along
with its physical properties, suggests a potential interest in Fe4O5
for technological applications.

solid Earth ∣ mineral physics ∣ extreme conditions ∣
density functional theory

Iron oxides have a widespread occurrence, being composed of
the two most abundant elements on Earth. They are the most

common strong magnetic phases in nature and have vast techno-
logical uses including semiconductors, pigments, catalysts, and
iron extraction (1). Iron oxides are also important biominerals
and are used in biomedical applications (2). At ambient pressure,
six crystalline forms of iron oxides exist, including wüstite FeO,
magnetite Fe3O4, and four phases of Fe2O3 (1, 3–7 and refer-
ences therein). The basic atomic arrangements of these phases
are simple; however, they show extensive nonstoichiometry and
complex defect structures (8, 9) that complicate the understand-
ing and modeling of their properties. The possibility to host
extensive amounts of defects explains their solid-state redox ac-
tivity. For thousands of years iron oxides have attracted scientific
curiosity and challenged the modeling of their physical and
chemical properties, so it is compelling to report the discovery
of a phase that is not simply a polymorph of known iron oxides,
but a distinct compound with formula Fe4O5.

Synthesis and Structure of Fe4O5

Fe4O5 was first synthesized in the diamond anvil cell from the
breakdown products of siderite (FeCO3) at about 10 GPa and
1,800 K. A spherical crystal of about 8 μm in diameter grew in
less than a minute upon heating (Fig. 1). Diffraction patterns
were collected at high pressure and ambient temperature using
highly focused synchrotron X-rays. The single crystal diffraction
pattern (Fig. S1) was indexed with an orthorhombic C-centered
cell with a ¼ 2.8430ð7Þ Å, b ¼ 9.700ð8Þ Å, c ¼ 12.29ð6Þ Å.
Structural solution and refinement converged to a structure iso-

morphic to CaFe3O5 (10), with space group Cmcm; therefore, we
propose the crystal to be a distinct oxide of stoichiometry Fe4O5

(Table 1). Refined and ab initio calculated atomic coordinates
at 10 GPa are in excellent agreement (Table 2); occupancies of
all sites are full within uncertainty (about 5%), supporting the
inferred stoichiometry. The atomic arrangement of Fe4O5 can
be described as a stacking along the c axis of layers of edge-shar-
ing FeO6 octahedra and layers of face-sharing trigonal prisms,
hosting Ca in the prototype phase (Fig. 2). There is close simi-
larity between the structures of Fe4O5 and h-Fe3O4, the high-
pressure polymorph of magnetite (11, 12). In the latter, edge-
sharing octahedral layers are made of equivalent sites, whereas
in the former two nonequivalent octahedral sites are arranged
in a thicker layer. The similarity in the stacking perpendicular
to the octahedral layers accounts for the similarity of two of the
cell parameters of the two oxides; the thicker octahedral layer
along the c axis in Fe4O5 accounts for a c-cell parameter that
is about 3 Å longer than the analogous direction in h-Fe3O4.

After synthesis and without further heating, the compressibility
of the single crystal was measured up to 30 GPa (Fig. 3). The
single crystal c lattice parameter shows a much greater decrease
compared to powder diffraction data and first-principles calcula-
tions that are described later in this paper. We attribute this
behavior to nonhydrostatic conditions developed as soon as pres-

Fig. 1. The single crystal of Fe4O5 synthesized in the diamond anvil cell at
high pressure after laser heating. The sample chamber, about 60 μm in
diameter, viewed through a diamond anvil at 10 GPa and its sketch show
the rounded opaque crystal of Fe4O5 grown in the heated area. The sample
is well separated from the gasket, ruby, and the anvils by the inert neon
medium.
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• Interesting phase mapping can 
be obtained reasonably fast

• The distribution of synthesized 
iron oxides (red: Fe4O5, blue: 
Fe5O6, green: wüstite) supports 
the inferred composition of 
Fe5O6, the new phase is 
chemically intermediate 
between wüstite and Fe4O5 and 
is in fact more abundant in 
between the two known 
oxides.

• There are no evidences in the 
P-T range investigated of a 
“continuum” of Fe3O4+FeO 
compounds!

Phase heterogeneities



Summary

• The high-pressure world is extremely fascinating and exotic, far from 
being fully understood and explored, even for elements. 

• High-pressure experiments are uniquely challenging, including 
achieving desired conditions, probing samples, processing and 
interpreting data. 

• Large scale user facilities such as the APS and the SNS but many 
others in the USA and around the world provide unique and 
constantly improving research opportunities. 

• Probing matter and processes as they occur in controlled 
environments is exciting and certainly will have an even greater role 
in the future.
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