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Zusammenfassung 
 

Hochdruck-Hochtemperatur-Studien (HPHT) sind entscheidend für das Verständnis der 

Mineralogie, Petrologie, Dynamik und der chemischen Zusammensetzung erdinnerer Mineralien, 

von Himmelskörpern und extrasolaren Planeten. Den HPHT-Bedingungen ausgesetzt, kann 

Festkörpermaterie nicht nur strukturelle Umwandlungen erfahren, sondern auch Änderungen der 

physikalischen Eigenschaften wie Optik, elektronische Zustände, Magnetismus, thermische und 

elektrische Leitfähigkeit usw. zeigen. Jüngste methodologische Entwicklungen in der 

Hochdruckforschung haben den Fokus auf ein neues Gebiet gelenkt - die Synthese und 

Charakterisierung neuartiger Verbindungen mit exotischer Kristallchemie und physikalischen 

Eigenschaften. Die Fülle der neu entdeckten Materialien untermauert die signifikante Rolle dieses 

neuen Forschungszweiges. 

Lasergeheizte Diamantstempelzellen (LHDACs) die es ermöglichen einen weiten P,T-

Phasenraum abzudecken sind das leistungsstärkste Werkzeug um die Synthese dieser neuen 

Materialien zu bewerkstelligen. In-situ Einkristall-Röntgenbeugung (SCXRD) ist ein ideales 

Instrument um direkte und eindeutige Informationen über die atomare Anordnung als auch über 

die chemische Zusammensetzung kristalliner Materie zu erhalten. Die Kombination von LHDAC 

mit SCXRD und sowie die Erhöhung der Druck-Temperatur-Bedingungen, die in Materialstudien 

erreichbar sind, erweitern unser Wissen über das Materialverhalten unter extremen Bedingungen. 

Diese Dissertation fasst methodologische Entwicklungen zusammen die darauf abzielen 

die LHDAC-Leistung als auch die experimentellen Strategien der SCXRD-Datenerfassung bei 

Multimegabar-Drücken zu verbessern. Weiterhin werden Ergebnisse zahlreicher Experimente, die 

an verschiedenen chemischen Systemen durchgeführt wurden, die für die Geo- und 

Materialwissenschaften relevant sind und zu einer Reihe origineller und wichtiger Erkenntnisse 

geführt haben, zusammengefasst. 

Im ersten Teil dieser Arbeit werden die Entwicklung und Erprobung sekundärer 

Diamtantstempel beleuchtet, die mit einem fokussierten Ionenstrahl (FIB) aus einer Einkristall-

Diamantplatte geformt wurden. Wir haben die Effizienz von Diamantstempel unterschiedlicher 

Geometrien zur Druckmultiplikation in verschiedenen Betriebsmodi bewertet: als einzelner 

sekundärer Diamantstempel oder als Paar in der zweistufigen DAC (dsDAC)-Anordnung. Das 
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Maximum der erreichbaren Drücke in DACs mit einem einzigen Eindringkörper schien 

unabhängig von der Größe und Form des Sekundärambosses zu sein. Die Ambosse des 

modifizierten toroidalen Designs ermöglichten jedoch eine Zunahme des Probenvolumens, was 

die Qualität der XRD-Daten erheblich verbesserte. 

Im Rahmen der Methodenentwicklung haben wir einen neuartigen Submikrometer-

Fokussieraufbau für die Hochdruck-Röntgenkristallographie an der Extreme-Condition-Beamline 

P02.2 bei PETRA III, DESY (Hamburg, Deutschland) installiert und in Betrieb genommen. Wir 

haben die Fähigkeit des neuen Aufbaus zur erfolgreichen Durchführung von SCXRD-Studien bei 

ultrahohen Drücken durch Testläufe an mikrometergroßen Kalibrierungsproben demonstriert, 

gefolgt von Strukturstudien von Fe-haltigem Silikat-Perowskit (Mg0.91(2)Fe0.09(2))SiO3 und 

neuartiges orthorhombisches Hochdruckpolymorph von Fe3O4 (γ-Fe3O4) bei Drücken über 150 

GPa. 

Die an Magnetit bei Drücken bis ~80 GPa und Temperaturen bis ~5000 K durchgeführten 

Experimente führten yu der Entdeckung der Fe3O4-Polymorphe – γ-Fe3O4 mit einer 

orthorhombischen Kristallstruktur vom Typ Yb3S4 und δ-Fe3O4 mit einer modifizierten Th3P4 

Struktur.  Weiterhin wurde festgestellt, dass Fe3O4, das über ~75 GPa unter Druck gesetzt und über 

~2000 K erhitzt wird, chemisch instabil wird und eine Reihe von Selbstredox- oder 

Zersetzungsreaktionen durchläuft. Unter den chemischen Produkten dieser Prozesse fanden wir 

hcp-Fe und zwei exotische Eisenoxide – Fe5O7 und Fe25O32, beide mit ungewöhnlichen 

Zusammensetzungen und Kristallstrukturen. 

Ein bedeutender Teil dieser Dissertation widmet sich der Untersuchung von 

Kristallstrukturen von neuartigen Metallcarbiden, die in LHDACs synthetisiert wurden. 

Insbesondere bisher unbekannte Rhenium-Kohlenstoff (Re-C)-Verbindungen bildeten sich 

aufgrund direkter chemischer Reaktionen der Diamantstempel mit den benutyten 

Rheniumdichtungen bei Drücken von etwa 200 GPa nach gepulster Lasererwärmung. Unter 

Verwendung des nanofokussierten Synchrotron-Röntgenstrahls erhielten wir SCXRD-Daten und 

ermittelten Kristallstrukturen und chemische Zusammensetzungen von vier Phasen: Re2C, ReC2, 

ReC, ReC0.2 – und enthüllten die unerwartet reichhaltige Chemie des Re-C-Systems bei Drücken 

von mehreren Megabar. 
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Die Kristallstrukturen von Ca-C-Verbindungen, Immm-CaC2 (HP-CaC2) und Ca3C7, 

zeigten komplexe polyanionische Kohlenstoffeinheiten – deprotonierte Polyacen-ähnliche bzw. 

para-Poly(indenoinden)-ähnliche Nanobänder. Die Synthese dieser Phasen wurde in LHDACs im 

Druckbereich von 40-150 GPa realisiert. Basierend auf experimentellen XRD-Daten und 

theoretischen Berechnungen haben wir die Natur der chemischen Bindung analysiert und das 

Kompressionsverhalten synthetisierter Verbindungen ermittelt. 

Schließlich wurde die Methodik der Synthese und Untersuchung neuartiger Verbindungen 

im Terapascal-Druckbereich in einem laserbeheizten dsDACs am Re-N-System veranschaulicht. 

Die vollständigen chemischen und strukturellen Charakterisierungen der Re7N3- und ReN0.2-

Feststoffe wurden in-situ mittels SCXRD an der Material Science Beamline ID11 der ESRF 

(Grenoble, Frankreich) realisiert, was eindeutig die Möglichkeit beweist, 

Hochdruckkristallographie innerhalb des Terapascal-Regimes auszudehnen. 
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Summary 

High-pressure high-temperature (HPHT) studies are crucial for understanding the 

mineralogy, petrology, dynamics, and chemistry of materials inside the Earth, celestial bodies, and 

extrasolar planets. Exposed to the HPHT conditions, solid state matter might not only undergo 

structural transformations but also reveal changes in physical properties such as optics, electronic 

states, magnetism, thermal- and electrical conductivity, etc. Although the mineral physics studies 

remain the mainstream of high-pressure research, recent methodological developments have 

driven the focus into a new area - the synthesis and characterization of novel compounds with 

exotic crystal chemistry and physical properties. The plethora of discovered phases validates the 

importance of pursuing this new research path. 

Laser-heated diamond anvil cells (LHDACs), enabling to cover the widest P,T-range,  is 

the most powerful tool to reach the HPHT conditions required for the synthesis of novel . The in 

situ high-pressure single-crystal X-ray diffraction (SCXRD) is an ideal instrument, providing 

direct and unequivocal information on both the atomic arrangement and chemical composition of 

crystalline matter. Combination of LHDAC technique with SCXRD and pushing up pressure-

temperature conditions achievable in structural studies extend our knowledge of materials behavior 

at extremes.  

This thesis summarizes methodological developments aiming at improving both the 

LHDAC performance and the experimental strategies of the SCXRD data collection at 

multimegabar pressures. It also presents the results of numerous experiments performed on 

different chemical systems relevant for geo- and material sciences that led to a number of original 

and important findings. 

The first part of the presented research is dedicated to the testing of the secondary stage 

anvils shaped with the focused ion beam (FIB) from the single-crystal diamond plate. We 

evaluated the efficiency of anvils of different designs for pressure multiplication in different modes 

of operations: as a single indenter or as a pair of anvils in the double-stage DAC (dsDAC) 

assembly. The maximum of achievable pressures in DACs with a single indenter appeared to be 

independent on the size and shape of the secondary anvil. However, the anvils of modified toroidal 

design enabled a gain in the sample volume that significantly improved the quality of XRD data. 
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In the scope of methodological development, we installed and commissioned a novel sub-

micron focusing setup for high-pressure X-ray crystallography at the extreme condition beamline 

P02.2 at PETRA III, DESY (Hamburg, Germany). We have demonstrated the capability of the 

new setup to successfully perform SCXRD studies at ultra-high pressures by test runs conducted 

on micron-sized calibration samples, followed by structural studies of Fe-bearing silicate 

perovskite (Mg0.91(2)Fe0.09(2))SiO3, and novel orthorhombic high-pressure polymorph of Fe3O4 (i.e. 

γ-Fe3O4 ) at pressures above 150 GPa.  

The experiments conducted on magnetite at pressures up to ~80 GPa and temperatures up 

to ~5000 K revealed the two hitherto unknown Fe3O4 polymorphs –γ-Fe3O4 with the orthorhombic 

Yb3S4-type structure and δ-Fe3O4 with the modified Th3P4-type structure. We also found that 

Fe3O4, pressurized above ~75 GPa and heated above ~2000 K, becomes chemically unstable and 

undergoes a series of self-redox or decomposition reactions. Among the chemical products of these 

processes, we found hcp-Fe and two exotic iron oxides - Fe5O7 and Fe25O32, both with unusual 

compositions and crystal structures. 

A significant part of the thesis is dedicated to studies of crystal structures of novel metal 

carbides synthesized in LHDACs. In particular, hitherto unknown rhenium-carbon (Re-C) 

compounds formed due to direct chemical reactions of the diamond anvils with the rhenium gasket 

at pressures of about 200 GPa after pulsed laser-heating. Using the nano-focused synchrotron X-

ray beam, we obtained SCXRD data and established crystal structures and chemical compositions 

of four phases: Re2C, ReC2, ReC, ReC0.2 - uncovering the unexpectedly rich chemistry of the Re-

C system at multimegabar pressures.  

The crystal structures of Ca-C compounds, Immm-CaC2 (HP-CaC2) and Ca3C7, revealed 

complex poly-anionic carbon entities - deprotonated polyacene-like and para-poly(indenoindene)-

like nanoribbons, respectively. The synthesis of these phases was realized in LHDACs in the 

pressure range of 40-150 GPa. Based on experimental XRD data and theoretical calculations we 

analysed the nature of chemical bonding and established the compressional behaviour of 

synthesized compounds.  

Finally, the methodology of the synthesis and study of novel compounds at terapascal 

pressure range in a laser-heated dsDACs was exemplified on the Re-N system. The full chemical 

and structural characterizations of Re7N3 and ReN0.2 solids were realized in situ by means of 
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SCXRD at Material Science Beamline ID11 at ESRF (Grenoble, France), unambiguously proving 

the possibility to extend high-pressure crystallography to the terapascal regime within the multi-

grain samples. 
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Chapter 1 Introduction 
 

A great number of scientific disciplines including geophysics, geochemistry, mineralogy, 

material sciences and engineering is interested in study of solid state matter exposed to extreme 

conditions. Being the fundamental thermodynamic variables, pressure (P) and temperature (T) 

significantly affect on the state of matter, determining a variety of material properties. Therefore, 

the in situ characterization of materials at moderated P, T-conditions is of a great importance for 

scientific community.  

Among the number of high-pressure devices, diamond anvils cells can provide the 

capability to reach the widest range of pressures and temperatures, covering the conditions of entire 

Earth’s interior (1). Recently, the diamond anvil cell has been popularized, becoming the only one 

device enabling to achieve static pressures as high as 1 TPa (2), simulating the conditions of the 

planetary bodies with masses significantly exceeding the mass of the Earth. Similarly, the 

expansion of the pressure and temperature limits gains a lot in the fields of material science and 

condensed-matter physics, enabling the discovery of novel material with unique physical 

properties, such as superconductivity, ultra-hardness, ultra-incompressibility, high-energy density, 

etc. (3–6) 

 

 Methodological aspects of diamond anvil cell operating at multimegabar pressure 

range 
 

The design of DACs went through long iterative and incremental development aimed at 

achieving higher and higher pressures. Currently, the double-stage DAC (dsDAC) design is used 

to tackle multimegabar pressures (2, 7–11). The dsDACs implement the secondary anvils in the 

pressure chamber of a conventional DAC to enable pressure multiplication due to the further force 

transfer to the even smaller area of the culet of the secondary anvil. Initially, secondary anvils in 

dsDACs were produced of isotropic material, nanocrystalline diamond (NCD) (7), which is 

supposed to overcome the limits related to the low fracture toughness and brittleness of 

conventional single-crystalline anvils. Following this breakthrough, the assemblies of synthetic 

nano-polycrystalline diamond (NPD) secondary anvils were introduced (9, 10). However, certain 
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drawbacks of NCD or NPD anvils, e.g. opacity and high luminescence, remained unsolved, which 

complicates spectroscopic measurements in DACs.  

Few years ago DACs with so-called toroidal design (tDACs) were introduced (12, 13). 

Using FIB, the profile of the primary single-crystal anvils was modified, featuring a circumference 

cavity on the culet and a summit (a tip) in its center, which works as a secondary anvil, when the 

DAC is assembled. In tDACs pressures of ~500 GPa have been achieved and the authors suggested 

that there is still a potential for a further pressure increase through adjusting the size and the slope 

of the cavity of the toroidal anvil. These new tDACs were used for synchrotron infrared absorption 

spectroscopy studies of dense solid hydrogen at 80 K and ~400 GPa (14). However, the preparation 

of the tDAC cell remained laborious and often resulted in failure on external anvils.  

 The developments described above and the ongoing discussion of capabilities of various 

ultra-HP DAC techniques call for systematic testing of the performance of secondary anvils of 

different designs. Using FIB, we manufactured various types of secondary anvils from 

commercially available single-crystal diamond plates (AlmaxEasy Lab) and investigated their 

efficiency for pressure multiplication.  

 

 Methodological aspects of structural studies at multimegabar pressure range 
 

The higher the pressures, the more challenging are synthesis and diffraction studies in 

DACs become, even if we consider the dedicated high-pressure beamlines at synchrotron facilities, 

where the X-ray beam can be focused down to 2–3 µm in diameter. At pressures exceeding 150 

GPa, the size of the sample is of only about 10 µm or even less, while the single-crystalline grains 

of the reaction product(s) are often of submicron size. This results in a drastic worsening of the 

signal-to-noise ratio in collected diffraction data. Also a parasitic contribution from gasket material 

significantly decreases the quality of data, when the sample chamber becomes smaller upon 

compression. Only a submicron focusing of the X-ray beam can provide suitable conditions to 

collect SCXRD data at multi-megabar pressures. Also a very precise sample alignment system 

with a small sphere of confusion in necessary to obtain SCXRD of suitable quality. Indeed, 

submicron-size samples, have to stay illuminated by the X-ray beam upon rotation of ±38º or 

higher angles. Thus, only a combination of precise motorization solutions with the sub-micron 
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beam capability of an instrument enables successful experiments. Below we present new 

developments at the Extreme Conditions Beamline (P02.2, PETRA III, DESY, Germany) (15) that 

enable considerable improvements for data collection at very high pressures and for small 

scattering volumes. 

 

 Structural diversity and chemical transformations of magnetite at HPHT 

 

Understanding the behavior of natural iron-bearing systems at high- and ultra-high 

pressures and temperatures relevant to the deep planetary interiors requires knowledge of the phase 

relations in chemically simple systems such as Fe–O.  

Due to its importance as geomaterial, magnetite (Fe3O4) was intensively investigated at 

high pressures. Upon compression  up to ~25 GPa at room temperature, it undergoes structural 

phase transition to a “post-spinel phase”(16). The transition is associated with significant changes 

of magnetic and electrical properties(17–19). Decades of highly controversial history of structural 

studies of post-spinel Fe3O4 phase ended up with the general consensus that it adopts the CaTi2O4-

type structure (20–23). Another phase transformation of Fe3O4 was reported upon laser heating 

(between approximately 1500 to 2000 K) at pressures from 64 to 73 GPa (23, 24). Powder X-ray 

diffraction data were interpreted as formation of an orthorhombic phase with the CaFe2O4-type 

structure. However, assignment of a space group and interpretation of the diffraction data remain 

ambiguous and call for further investigations. 

The stability of Fe3O4 at high pressure is a widely debated problem. It is especially 

important due to (at least) two reasons: (a) buffers involving magnetite (or its high-pressure 

polymorphs) are expected to control many processes in Earth’s interiors, including diamonds 

formation (25, 26); (b) magnetite (together with hematite and some other iron-bearing minerals) is 

a major component of banded iron formations (BIFs) which, as  believed,  have been subducted 

into Earth’s mantle and may thus play a significant role in the planetary oxygen cycle (20, 27). 

Lazor et al.(28) predicted breakdown of Fe3O4 into FeO and Fe2O3 at ~50 GPa based on 

thermodynamic calculations. It was noted that at these conditions post-spinel Fe3O4 phase has 

lower density than the assemblage of cubic FexO and Rh2O3-II-structured ι-Fe2O3 (28). However, 

justification of this hypothesis is strongly dependent on equations of state used for volume 
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determination of relevant phases and exact composition of FexO component. Moreover, in the case 

of ferric spinels, like Fe3O4, this scenario could be inconclusive due to partial reduction of Fe3+ to 

Fe2+ during the high-pressure high-temperature treatment (21). Indeed, according to a recent 

report4, laser heating of Fe3O4 at ~80 GPa and 2950 K leads to the formation of Fe25O32, a phase, 

containing more ferrous iron than the starting material(20). 

Summarizing the brief overview of the state-of-the-art, there are two main problems 

associated with the behavior of Fe3O4 at high-pressures and high-temperatures: (a) not all possible 

phases of Fe3O4 as well as their crystal structures (and crystal chemistry) are established, and (b) 

chemical stability of the oxide is insufficiently studied, as PT conditions of its decomposition and 

products of reactions have not been fully characterized. This motivated us to conduct HPHT 

studies of Fe3O4 up to pressures ~80 GPa and temperatures up to 5000 K performed in LHDACs.  

 

 Re-C system at multimegabar pressure regime 
 

Rhenium (Re) belongs to the group VII of transition metals with a half filled d-band. It 

does not undergo any structural transformation up to at least ~660 GPa, resembling the same 

hexagonal close packed (hcp) structure (7, 29). Rhenium is ductile but has high bulk and shear 

moduli, and a high melting point of ~3453 K (30, 31). Due to these reasons, rhenium has been 

used as a gasket material for studies under ultra-high pressures in DAC.  

The range of currently achievable static pressures has been extended to ~1000 GPa (2) due 

to implementation of double-stage diamond anvil cells (dsDAC) and to ~600 GPa with toroidal 

type anvils (tDAC) (12, 13). In order to achieve such extreme pressures, the linear size of samples 

and sample chambers should be drastically decreased. At pressures above ~150 GPa, a pressure 

chamber’s diameter (made of precompressed Re foil) is usually smaller than 50 μm, and in 

dsDACs above 300 GPa it is less than 10 μm. Meanwhile, the size of a laser beams in typical laser 

heating (LH) setups used in DAC experiments varies from 15 to 50 μm at FWHM (32, 33). As a 

result, irradiation of, at least the edge of a Re-gasket, by the laser beam during laser heating 

becomes unavoidable and may lead to a chemical reaction between Re and carbon of the diamond 

anvils. Awareness of these reactions is also of a primary interest for the development of the 

methodology of ultra-high pressure high temperature experiments, in which Re gaskets are 
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commonly used.  Below we report on the in situ study of novel Re-C compounds formed after 

pulsed laser heating in DACs at about 200 GPa. 

 

 Novel calcium carbides synthesized in LHDACs 
 

Richness of carbon chemistry and the existence of the vast number of organic compounds 

in nature are due to unlimited carbon catenation. However, known metal carbides contain the 

simplest carbon anions: isolated carbon atoms C4-or [C2]
2--dumbbells (CaC2, SrC2, BaC2, YC2, 

LaC2, La2C3, CeC2, TbC2, YbC2, and LuC2 (34–37)) and linear trimers [C3]
4- (Mg2C3, Me4C7 (Me 

= Y, Ho, Er, Tm, Lu), Sc3C4 , and Ln3C4 (Ln = Ho - Lu) (38–41), which have the same carbon 

skeleton as methane, acetylene, and allene. HPHT conditions might alter the bonding patterns in 

carbides, leading to new compounds with unusual structural units and interesting properties. 

Considering that for the binary systems Mg-C (42), Ca-C (43), Y-C (44), and La–C(45) ab initio 

structure search predicts the formation of unusual metal carbides with exotic [C4], [C5] units,  [C6] 

rings, graphitic carbon sheets, and a number of structural transitions, studying them under 

compression might enable exploring the catenation of carbon. 

Calcium carbides have been in focus of high-pressure research during recent years. CaC2 

is of a particular interest, as it is characterised by rich polymorphism. Three polymorphs of CaC2 

known at ambient conditions (46) (CaC2-I, CaC2-II, CaC2-III) feature common for acetylides [C2]-

dumbbells, but carbon starts to polymerize at relatively low pressures, and at about 7 GPa CaC2 

transforms into a metallic phase (space group Cmcm) featuring 1D zig-zag polymeric carbon 

chains, as established using Raman spectroscopy and X-ray diffraction (47). Theory predicts 

further structural transformations in CaC2 upon pressure increase coupled with the progressive 

polymerization of carbon atoms. According to calculations by Li et al. (48), above 20 GPa the 

structure of CaC2 should have 𝑃1̅ symmetry and contain infinite carbon strips built of 

interconnected pairs of fused five-member rings. This phase should be thermodynamically stable 

up to 37 GPa (48). Above this pressure, according to the calculation, metallic 𝑃1̅ -CaC2 transforms 

into metallic Immm-CaC2 (48, 49), in which carbon atoms are polymerized to form infinite quasi-

1D ribbons built of fused 6-member rings. The latter prediction is of a particular interest, as the 

suggested carbon catenation in Immm-CaC2 (48, 49) resembles deprotonated polyacene-like 
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nanoribbons.  So far, experimental studies of Ca-C system were limited by ~20 GPa, and the effect 

of pressure induced polymerization of carbon is poorly understood. This motivates us to perform 

a systematic investigation of Ca-C systems by means of single-crystal X-ray diffraction in 

LHDACs in wide pressure and temperature ranges: from 40 GPa to 150 GPa and up to ~2500 K. 

 

 Material synthesis and characterization at terapascal pressures 

 

Latest developments in the diamond anvil cell technique, and, particularly, the invention 

of double-stage and toroidal diamond anvil cells (ds-DACs and t-DACs) (7, 12, 13), enabled a 

breakthrough in the synthesis of materials and studying structure-properties relations at high and 

ultra-high pressures. Solving and refining the crystal structures of solids synthesized directly from 

pure elements in laser-heated conventional DACs (4, 6, 50–53) at pressures up to about two 

megabar (51, 54) became possible due to the synergy of expertise in both - generating 

multimegabar pressures (2, 7, 8) and in SCXRD at ultra-high pressures, which were pioneered a 

few years ago (55, 56). Since HPHT synthesis has become a well-established technique for 

materials discovery, extending investigations to the TPa regime has been desired for a long time. 

To achieve the desired pressures, we combined toroidal (12, 13) and double-stage (2, 7, 8) 

anvils design. The full structural and chemical characterization on novel compounds was 

performed in situ using single-crystal X-ray diffraction in LHDACs at pressures close to 1 TPa.  
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Chapter 2 Methods and instruments 

 Generation of the high pressures using the diamond anvil cells 

2.1.1 Working principles of the diamond anvil cells 

 

High-pressure high-temperature (HPHT) studies are crucial for understanding the 

mineralogy, petrology, dynamics, and chemistry of materials inside the Earth, celestial bodies, and 

extrasolar planets. Solid state matter exposed to the HPHT is able not only to undergo phase 

transitions but also exhibit unexpected chemistry, like not known at ambient conditions 

stoichiometry or chemical reactions. The study of the properties, structural transitions and 

chemical behavior of materials exposed to extreme pressures is of a great importance for geo- and 

materials sciences, potentially leading to the discovery of novel materials with unique properties 

and different technological applications. 

The simplest definition of pressure is: 𝑃 =  
𝐹

𝐴
, where F is the force applied perpendicularly 

to the surface, and A is the area of this surface. According to this relation, there are two main 

methods, which are used to apply static high pressure to the sample: either by to maximizing the 

applied force; or by reducing the size of the area, on which force is being applied. The first 

approach is used in concept of piston cylinder (57) and multi anvil apparatuses(58), where large 

and/or massive devices are focused to maximize the applied force on relatively large samples (from 

~ 0.1 cm to ~1 cm in linear dimensions). The opposite approach of decreasing the sample’s volume 

is implemented in diamond anvil cells (DACs) technique, where the typical linear size of sample 

is about 10-100 µm. Invented in 1959 (59), the DAC became one of the most powerful tool to the 

generate static high pressures. Among the number of high-pressure devices, DACs can provide the 

capability to reach the widest range of pressures, covering the conditions of entire Earth’s interior 

(60). Recently, the diamond anvil cell has been popularized, becoming the only one device 

enabling to achieve static pressures as high as 1 TPa (2), simulating the conditions of the planetary 

bodies with masses significantly exceeding the mass of the Earth. 

The transparency of diamonds in a large range of energies of electromagnetic radiation 

enables to probe samples in situ at extreme conditions by different analytical methods, such as X-

ray diffraction (XRD) (56), X-ray transmission microscopy (XRTM) (61), nuclear magnetic 
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resonance (NMR) (62), Raman (63), Mossbauer (64) and X-ray absorption spectroscopies (65) 

and other techniques based on optical measurements (66, 67). 

 

Figure 2.1.1. .A design of BX-90 diamond anvil cell: (a) – Schematic illustration of DAC; (b) – a cross-

section and a top view (c) schemes of the loaded sample chamber. 1 – Outer cylinder part of the cell, 2 – setscrews, 

used for the alignment of the diamond anvils (for simplicity are shown only for cylinder part); 3 – diamond 

supporting seats, 4 – diamond anvils, 5 – metallic gasket, 6 – inner piston part; 7 – screws for generating the 

loading force; 8 –.sample; 9 – pressure marker. 

 

Many different designs of DAC were invented over the last decades. There are some types 

of cells, which are commercially available from Diacell, Almax easyLab and Syntek companies; 

also several designs were invented in research institutions (Merrill-Basset 3-pin DAC (1), BX90 

and BX90 mini (68), Mao-Bell-type DAC (69), Le Toullec type DAC (70), ETH-type DAC (71)). 
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The majority of studies presented in a current thesis, are performed in a BX90 type of DACs(68), 

which were designed and fabricated in Bayerisches Geoinstitut (BGI, Bayreuth, Germany), thus, 

the basic principles of device’s operation will be described based on this type of cells (Figure 

2.1.1).  

The BX90 DAC consists of the metal body, equipped by couple of seats, on which diamond 

anvils are precisely aligned, and metallic gasket with a circular hole squeezed in between these 

anvils. Seats are generally made of ultra-hard materials (e.g. tungsten carbide) and serve to transfer 

the load from mechanically driven external body to the diamond anvils.  

The metallic gasket with circular hole is compressed between the two diamond tips to form 

cylindrically shaped sample chamber. Typically, metallic gaskets are made of chemically inert at 

ambient conditions metals or alloys, mainly all the gaskets, used in presented below studies were 

made of rhenium, a 5d transition metal, which has a high bulk (above 350 GPa) and shear (above 

180 GPa) moduli and melting point—3453 K (72).  

The diamond anvils are typically made of polished single crystals of diamonds oriented 

according to the (100)-direction of the highest strength. The combination of the geometrical shape 

of the diamond cut, the shape of the seat, and the aperture of the metallic body are crucial 

parameters. For experiments, involving in situ single crystal X-ray diffraction, large aperture 

Boehler-Almax diamond anvils and seats are necessary. The choice of the culet size was adjusted, 

according to the desired pressure range, since the usage of diamond anvils with smaller culets is 

required to extend achievable pressure range. 

 

2.1.2 Diamond anvils with modified design 

 

In order to reach higher and higher pressures the design of DACs went through number 

stages of development. At the moment conventional DACs with beveled diamond anvils work up 

to ~450 GPa, but further pressure increase is limited by the yield strength of single-crystal diamond 

(73–75). The collapse of the diamond anvils under compression in the [001] direction is usually 

provoked by the cleavage along the {110} planes.  
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Currently, to reach multimegabar pressures, the interest has switched to so-called double-

stage DAC (dsDAC) design. The dsDACs implements secondary anvils in the pressure chamber 

of a conventional DAC to enable pressure multiplication due to the further force transfer to even 

smaller area of the culet of the secondary anvil (Figurea). Experiments in dsDACs with secondary 

anvils made of an isotropic material, nanocrystalline diamond (7) (NCD), demonstrated a 

possibility to conduct XRD studies up to ~750 GPa (8) and later enabled achieving static pressures 

as high as 1 TPa (2). NCD semiballs with the grain size of 2-15 nm and 10-20 µm in diameter 

were used in these experiments.  

 

Figure 2.1.2. Diamond anvil cell with modified design, aiming the operation at multimegabar pressures. 

(a) – A schematic illustration of dsDAC assembly, made of NCD semi-spheres, introduced by Dubrovinsky et al. 

(7); (b) and (c) – dsDACs, shaped from NPD plates, using the focused ion beam (9, 10); (d) – a design of toroidal 

diamond anvil, proposed by Jenei et al. (12). 

 

Following the first breakthrough, secondary micro-anvils have been produced using focus 

ion beam (FIB) milling from other materials, for example, synthetic nano-polycrystalline diamond 

(9) (NPD) with a grain size of ~100 nm (Figure 2.1.2b, c). The reported maximum of achieved 

pressures was over 300 GPa with the culet size of the secondary anvil of 3 μm (9). The reduction 

of a grain size of NPD  to ~10 nm enabled to ~600 GPa (10), as determined based on the equation 

of state (EoS) of rhenium reported in ref. (7) (or ~430 GPa, according to ref. (29)). Nevertheless, 

the synthesis of NCD balls in a large volume press and selection of the balls suitable for ultra-

high-pressure experiments remain laborious. Another drawback of NCD or NPD is that they are 

opaque and highly luminescent that complicates spectroscopic measurements. 

Recently, DACs with so-called toroidal anvils (tDACs) (Figure 2.1.2d) were introduced 

(12, 13). Using FIB, the profile of the primary anvils is modified, so that the culet features a 
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circumference cavity and a summit (a tip) in its center with a diameter of ~15-25 µm. When two 

anvils are forced together, the shape of the cavity resembles a toroid and the sample is squeezed 

between the tips. The toroidal cavity accommodates gasket material and reduces its outflow from 

the center. It also helps to decrease the magnitude of the shear stresses in the anvils themselves. 

Upon compression, conventional anvils undergo a convex deformation, when the pressure 

chamber gets a shape of a convex lens. Eventually, the deformation leads to the failure of anvils. 

In the toroidal design this effect can be partially compensated due to complex stress distribution, 

and tDACs sustain higher pressures than DACs with conventional anvils. In tDACs pressures of 

~500 GPa have been achieved (12, 13), and the authors suggested that there is still a potential for 

a further pressure increase through adjusting the size and the slope of the cavity of the toroidal 

anvil. 

 

2.1 Pressure transmitting media 
 

The diamond anvils cell is uniaxial compression device, the stress along the loading 

directions is always larger than the stresses in the gasket plane. Non-isotropic compression of the 

sample leads to the appearance of high shear strains and often results in the broadening of the 

diffraction reflections. To maintain hydrostatic or quasihydrostatic compression in the DAC, a 

pressure-transmitting medium is normally employed. The pressure transmitting media (PTM) fills 

the sample chamber and surrounds the sample providing the isotropic distribution of stress.  

The best pressure-transmitting media are light noble gases He and Ne. They are highly 

inert and stable over a wide pressure range, and have a relatively high solidification pressure ~10-

15 GPa (76). In addition, light inert gases have a low X-ray absorption and give a low background, 

thus, have an additional advantage for X-ray diffraction studies in DACs. 

Some alkali metal halides (e.g. NaCl, KCl, LiF, etc.) are often used as PTM if a thermal 

insulation of the samples in high-pressure high-temperature studies is needed. In experiments 

aiming the synthesis of novel materials PTM can also serve as a reactant and source of light 

elements for chemical reactions. In these cases, O2 and N2 gases can be loaded cryogenically; or 

liquid paraffin oil and/or BH3NH3 solid can be added to the sample chamber manually. 
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In the present thesis different PTMs were used. The gaseous ones (Ne and N2) were loaded 

in a gas-loading system developed and installed in Bayerisches Geoinstitut (77). A DAC was 

placed inside the pressure vessel, later the gas was pumped into the vessel up to ~1.2 kbar. Once 

external gas pressure was released, the DAC was closed by manual tightening of the screws in the 

piston-driving mechanism. 

 

2.2 Pressure determination 
 

In-situ determination of the pressure inside the sample chamber plays the most important 

role in DAC experiments. There are several common pressure determination methods based on the 

use of different calibrants. The first one is the usage of pressure marker, the material with a well-

known response on applied pressure. It can be loaded into the DAC along with the sample and 

probe with analytical techniques.  

 

Figure 2.2.1. Ruby florescence spectrum 

 

Pressure dependence of the ruby (Cr-doped Al2O3 ) fluorescence is the one of the way to 

precisely determine pressures in the experiments up to 100 GPa (78). Exposed to the laser light, a 
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ruby crystal with produces fluorescence signal, which can be detected using optical spectrometer. 

The following equation describes the relationship between the central position of the ruby R1 

spectral peak with respect to the pressure (79): 

𝑃( 𝐺𝑃𝑎) = 𝐴 ∙
∆𝜆

𝜆0
∙ [1 + 𝐵 ∙ (

∆𝜆

𝜆0
)] Equation. 2.2-1 

where A and B are the calibration constants (A=1.87(1)∙103, B=5.5) and 𝜆0 is the position of R1 

peak (Figure 2.2.2) at ambient pressure; ∆𝜆 is the relative shift of R1 peak at pressure 𝑃 (79). 

Usually, the intensity of the ruby fluorescence signal decreases with increasing of pressure, thus, 

experiments at multimegabar pressures require other calibrants. Also, one needs to avoid potential 

involvement of ruby in chemical reactions during high-temperature experiments. Therefore, in our 

own work we used the ruby fluorescence technique only at ambient temperature experiments. 

 

Figure 2.2.2. Raman spectrum of the diamond anvil under stress and its 1st order derivative. Red dashed 

line indicates the position of the high-wavenumber edge. 

An alternative method of spectroscopic determination of pressure is a pressure dependence 

of the first-order Raman mode of the diamond culet (80). At the center of the culet, stress of 

diamond anvil correlates with the high-wavenumber edge of the Raman band in the following way: 
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𝑃(𝐺𝑃𝑎) = 𝐾0 (
∆𝑣

𝑣0
) [1 +  

1

2
(𝐾0

′ − 1) (
∆𝑣

𝑣0
)] Equation 2.2-2 

where 𝐾0 = 547 and 𝐾0
′ = 3.75 are calibration constants, 𝑣0 is the position of the high- 

wavenumber Raman edge at ambient pressure and ∆𝑣 is the difference between positions at 

ambient and measured pressures. The position of the edge is defined as a local minimum of the its 

1st order derivative (Figure 2.2.2). This method is less accurate comparing to Ruby fluorescence 

measurements, however, it doesn’t affect on chemical clearance of the system. 

 

Figure 2.2.3. Powder XRD pattern of solid Ne at 78.2 GPa with indexed reflections used for calculation 

of the unit cell volume. The pressure is determined from EoS of solid Ne (81). 

 

In-situ X-Ray diffraction is the most precise technique to measure the pressure inside the 

DAC. Pressure marker, a material with the well-known equation of state (EOS), can be loaded into 

the DAC along with the sample and probed by X-rays. The pressure marker is supposed to be a 

chemically inert compound with high crystal symmetry and with an absence of pressure-induced 

phase transitions. Often the flakes of Au–metal are used as pressure gauges in high-pressure high-

temperature studies, since they can also act as a heat absorber (81); in some studies pressure could 

be determined by the diffraction signal, coming from metallic (e.g. rhenium) gasket (29, 82). One 



Equations of state 

 

28 

 

could also use the PTM as a pressure gauge if it has a well-established equation of state in a desired 

range of pressures (Figure 2.2.3).  

In the present thesis, the combination of several techniques of pressure determination 

methodologies were used. Typically, spectroscopic approach was used for preliminary 

estimations, XRD data and EoS of Ne or Re were used for more accurate measurements. 

 

2.3 Equations of state 
 

The equation of state of a system describes the relationship between volume (V), pressure 

(P), and temperature (T) through the bulk modulus and thermal expansion. All equations of state, 

used in this thesis were measured at constant (ambient) temperature – 293 K. There are several 

types of analytical isothermal EOSes (83, 84). The third order Birch-Murnaghan EOS (Equation 

2.4-1) is one of the most common among them, and it was mainly used in the present thesis (84). 

According to this equation, pressure-volume dependence of matter at constant temperature can be 

described by bulk modulus (K0 =  −V ∙ (∂P/ ∂V)) and its pressure derivatives (particularly, K′ =

 ∂K/ ∂P). This “finite strain EoS” is derived from the assumption that the strain energy of a solid 

undergoing compression can be expressed as a Taylor series in the finite Eulerian strain 𝑓𝐸  

(Equation 2.3-1). Expressions for the 2nd-order Birch-Murnaghan EoS can be obtained by setting 

K'= 4 in (Equation 2.3-2).  

P(GPa) =  
3K0

2
∙ [(

V0

V
)

7
3

− (
V0

V
)

5
3

] ∙ {1 −  
3

4
(4 − K′) ∙ [(

V0

V
)

2
3

− 1]} 
Equation 2.3-1 

 

𝑓𝐸 =
1

2
[(

𝑉

V0

)
−

2
3

− 1] Equation 2.3-2 

 

However, the finite-strain Birch-Murnaghan EoS doesn’t accurately represent the volume 

variation of most solids under very high compression (
V

V0
< 0.6). Thus, Vinet et al. derived an EoS 

from a generalized inter-atomic potential 𝑓𝑉 (Equation 2.3-3) (83). The final expression of Vinet 

EoS is given in Equation 2.3-4: 
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𝑓𝑉 = 1 − (
𝑉

V0

)

1
3
 Equation 2.3-3 

P(GPa) =  3K0 ∙ (
𝑉

V0
)

−
2
3

[1 − (
𝑉

V0
)

1
3

] ∙ exp { 
3

2
(K′ − 1) ∙ [1 − (

𝑉

V0
)

1
3

]} Equation 2.3-4 

 

This definition of 𝑓𝑉 means that 𝑓𝑉 = 0 at P = 0; 𝑓𝑉 increases with positive quantity with 

increasing pressure. It follows the conventions in the definition of magnitude and sign of Eulerian 

finite strain 𝑓𝐸 . In this work, we used Eosfit7c software (85) to fit experimental PV-data in order 

to define the equations of state of the phases of interest. 

 

2.4 Generation of high-temperatures inside the diamond anvil cells 
 

Heating is an important part of DAC experiments, especially if studies are aimed at the 

modeling of processes that occur in deep planetary interiors. Temperatures as high as ~1000 K can 

be generated by electrical resistive heating. However, at higher temperatures a graphitization of 

the diamond anvils occurs, which often leads to the experiment’s failure. The transparency of 

diamonds in a large range of energies of electromagnetic radiation is one of the significant 

advantages of the DAC technique. It allows to precisely focus a high power laser on the tiny 

sample, exposed to high pressures inside the DAC sample chamber (86). The choice of laser 

wavelengths depends on the absorption characteristics of the sample: CO2 based infrared (λ = 10.6 

μm) and Nd:YAG near-infrared lasers (NIR, λ ~ 1064 nm) are the most common in high-pressure 

science. NIR lasers beam are usually used to heat visibly non-transparent materials such as metals, 

alloys, and various transition metal bearing oxides. 

A portable double-sided laser-heating setup with in situ temperature determination was 

used in described below experiments (87). This system allows to heat the sample from both sides 

using a tightly focused (up to 5 µm in diameter at FWHM) NIR laser beam. The setup allows 

precise heating of samples at pressures above 200 GPa and could be combined with synchrotron 

beamline equipment.  
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Figure 2.4.1. A principal scheme of double-sided laser-heating setup used in the present thesis. LDMs are 

the long-pass dichromic mirrors; FOs are the focusing optics; BSs are 50/50 beam splitters; SPFs are the short-

pass filters with a cutoff at 800 nm; CMOS are the cameras for optical observation; MWHs are the mirrors with a 

hole; LPFs are the long-pass filters with a cut-on wavelength of 550 nm; NFs are the notch filters for 1064 nm, 

and NDs are neutral density filters. The illustration is modified after ref. (87).  

 

 

2.5 Raman spectroscopy 
 

Raman spectroscopy is a spectroscopic technique based on the inelastic scattering of 

monochromatic optical radiation on the irradiated sample. 

When light interacts with matter, nearly all of the photons are scattered elastically 

(Rayleigh scattering) without the loss of energy (𝐸 = 𝐸0, Figure 2.5.1). However, a very small 

percentage (~10-6 %) of the incident light is scattered inelastically and a loss (i.e. 𝐸 > 𝐸0, Stokes 

Raman scattering) or gain (i.e. 𝐸 < 𝐸0, anti-Stokes Raman scattering) of energy occurs. 

In the case of Rayleigh scattering, an incident light of energy 𝐸0 and frequency 𝜈0 , interacts 

with a molecule and excites the cloud of electrons from the ground level to a “virtual level. This 

“virtual” state is unstable, therefore, photons return to the ground level. Since there is no loss of 

energy in this process, and Rayleigh scattering has the same energy and frequency (𝐸0, 𝜈0) as the 

incident light (i.e. elastic scattering). The Stokes Raman scattering occurs when the electron cloud 

absorbs a part of the incident radiation and falls to a vibrational level (i.e. an excited level) instead  
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of the ground one. In this case, the Stokes Raman scattering has lower energy than the incident 

light. Anti-Stokes Raman scattering happens when the incident light meets the electron cloud 

already in a vibrational state. The cloud gets excited to the “virtual level” and then falls back to 

the ground level having more energy than the incident light. The intensity ratio between the Stokes 

and anti-Stokes scattering depends on the population of vibrational levels described by 

Boltzmann’s law. Therefore, at ambient temperature the Stokes component is dominant in the 

inelastic spectra and often the only one considered. The frequency of Raman peak is associated to 

the certain molecular or lattice vibration s, e.g. symmetric or asymmetric stretching or bending.  

In this work, the Raman studies of the samples were performed using LabRam systems 

equipped He-Ne (632 nm) laser source. He-Ne laser operates in continuous mode with a constant 

power of 50 mW. Raman spectra were collected in the region 200 –4000 cm-1 with a resolution of 

0.5 cm-1. 

 

 

Figure 2.5.1. The principle scheme of Rayleigh and Raman scattering processes. A molecule excited from 

the ground level to the virtual state with absorption of the photon and fall back with photon emission 

correspondingly. The excitation energy is 𝐸0 = ℎ𝜈0 is the energy of incident photon, h is the Planck’s constant and 

𝜈𝑣𝑖𝑏  is the frequency corresponds to molecular vibrations. 
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2.6 Focused ion beam technique 
 

The scanning electron microscopy (SEM) is a type of microscopy technique that visualize 

the sample surface by scanning it with a tightly focused beam of high-energy electrons. The 

electrons interact with the sample, producing different types of signals that contain information 

about the surface topography and its composition.  

 

Figure 2.6.1. An example of FIB-prepared sample.  (a) A 3D model of the toroidal tip; (b) SEM image of 

thetoroidal diamond anvil, the insert shows a bitmap patter, used for milling. 

 

Unlike to SEM, FIB setup uses a focused beam of Ga-ions, which allows to machine the 

surface of the sample according to desired pattern. In the present work we used FIB machines 

(Scios DualBeam system, FEI Deutschland GmbH) installed at Bayerisches Geoinstitut (BGI, 

Bayreuth, Germany) and at DESY Nanolab (Hamburg, Germany). For production of secondary 

stage anvils, a 3D model of desired shape was programmed using the MATLAB software. The 

simulated milling profile was saved as a 2D 24-bit grey-scale RGB bitmap. The value of blue color 

corresponds to the milling time; any value of green color, different from 0 open the Ga-beam 

shutter. The milling was performed under the acceleration voltage of 30 kV with the Ga ion current 
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of varying from 1 nA to 30 nA. The Si-application mode was used for the estimation of dwelling 

time and the doze of Ga-ions.  

 

2.7 X-ray diffraction in DACs 

2.7.1 Basic principles 

 

Established at the beginning of an 20th century, the X-ray diffraction (XRD) technique 

became one of the most widely used analytical techniques to reveal information about the crystal 

structure, chemical composition, and physical properties of materials (88). The development of 

powerful X-ray sources, sensitive detectors, and the possibility to perform experiments in different 

sample environments, which significantly expanded the scientific opportunities. (89–91). 

The diffraction occurs as a result of elastic scattering of incoming electromagnetic waves by 

scattering objects if they are ordered with characteristic repeating features, comparable to the 

wavelength of incident radiation. In the case of solid-state matter, the scattering objects are 

electrons of atoms, that are ordered in a 3D periodic structure with interatomic distances 

comparable to the wavelength of X-ray beam. Assuming atoms are arranged in layers (planes) with 

a constant spacing between them, the reflected X-rays scattered from atomic planes interfere 

constructively only if the difference between path lengths of the two waves equal to an integer 

number (n) of wavelengths (Figure 3.4.1). Thus, the diffraction conditions for the crystalline 

materials are described according to the Bragg’s law (or Wulff-Bragg’s condition) (92): 

2𝑑 ∙ 𝑠𝑖𝑛 (𝜃) = 𝑛𝜆  Equation 2.7-1 

where 𝑑 – is an interplanar  in the family of hkl crystallographic planes, 𝜃 – the incident angle of 

X-rays with the wavelength , 𝑛 denotes the reflection order (integer number). 

The crystalline matter causes an incident X-rays to be diffracted into specific directions 

defined by the its structure. By measuring the angles and intensities of diffracted radiation, it is 

possible to solve the inverse problem: to establish the three-dimensional distribution of electronic 

density within the crystal. Later, one can determine the atomic positions and extract information 

about interatomic distances, crystallographic disorder and other valuable properties of solids. 
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2.7.2 Powder and single-crystal X-ray diffraction  

 

Traditionally, the XRD is divided into two approaches: powder and single-crystal. Powder 

X-ray diffraction is based on working with powders (a mixture of fine grains) of crystalline 

material. Possessing the random orientations, a portion of crystallites fulfills the Bragg’s law and 

produces a diffraction signal, known as Debye-Scherrer rings (Figure 2.7.1a). Defining the d-

spacings of the diffraction peaks, one could identify the phase and determine its lattice parameters.  

Unfortunately, this approach experiences difficulties if the new phases are present in the 

sample. In the case of powder XRD a direct structure solution is almost impossible due to the loss 

of data on the reciprocal vectors. The single-crystal XRD is more advanced technique. Typical 

single-crystal XRD patterns contains a number of diffraction spots at a certain distance between 

each other (Figure 2.7.1b). Since the Bragg conditions for a given d-spacing and a wavelength 

would be meet only at the defined θ-angles, the crystal should be irradiated in different orientations 

with respect to incident beam, thus, all the reflections would be properly measured. The main 

advantage of SCXRD over the powder XRD is the possibility to obtain a direct information on the 

atomic arrangement within the unit cell (crystal structure) since it is carried in the intensities of 

Bragg reflections. 

 

Figure 2.4.1. Schematic illustration of Bragg’s law. Incident X-rays approach the family of hkl planes and 

diffracted X-ray beam, scattered on the lower plane traverses an extra path with the length of 2𝑑 ∙ 𝑠𝑖𝑛(𝜃). 

Constructive interference occurs when the difference in the path length equals to an integer number of the 

wavelength. 
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2.8 X-ray diffraction data collection in diamond anvil cells at synchrotron facilities 

2.8.1 X-ray diffraction studies in DACs: advantages and limitations 

 

In comparison with diffraction studies at ambient conditions, the implementation of XRD 

technique in diamond anvil cell experiments experiences some difficulties. First, the sample 

environment gives an additional XRD signal; parasitic scattering comes from diamond anvils, 

metallic gasket, the solidified PTM. Second, the metallic body of a DAC shadows more than 60% 

of the diffraction reflections, worsening the diffraction statistics on the collected data. Third, the 

size of a sample in routine DAC experiments (up to 100 GPa) is usually about 10-20 μm. In 

experiments at multimegabar pressures, the samples’ linear dimensions do not exceed 3-5 µm. 

Materials synthesized in a DAC after laser heating usually are represented as multi-phased 

mixtures of single-crystalline grains, often of submicron size (Figure 2.8.1). Thus, only a 

combination of precise motorization system with the micron or submicron-sized X-ray beam 

 

Figure 2.7.1. Example of X-ray diffraction images produced by a powder (a) and a single crystal sample 

(b). The blue rectangles on (b) highlight the intense reflections of the diamond anvil. The Debye-Scherrer rings on 

(a) correspond to CeO2 powder sample. Non-highlighted spots on (b) are the Bragg reflections from the enstatite 

crystal. 
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provides the capability to perform successful XRD experiments in LHDACs at ultra-high 

pressures. 

 

2.8.2 Alignment of a DAC on the goniometer 

 

Proper alignment of the sample in DAC is essential for collecting high-quality XRD data. 

The general alignment procedure is usually based on the absorption of X-rays. When the DAC is 

being moved by y- and z-motors, in plane perpendicular to the direction of the beam (Figure 

2.8.2a), the intensity of the X-ray beam is recorded by the diode (Figure 2.8.2b). The resulted 

absorption curve has a characteristic profile when the beam passes through the indented part of the 

gasket and the sample chamber. The center of the gasket is then defined from the absorption curves 

obtained for y- and z-scans.  

A position of DAC on the rotation axis is defined from the triangulation procedure. If ω 

axis is initially aligned with the primary beam (Figure 2.8.2-2a, b), the alignment along the x-

direction should be performed by scanning the sample in horizontal direction at two different ω 

positions (-ω and ω). 

 

Figure 2.8.1. A part of 2.5×0.5 µm2 from 2D XRD map (20×20 µm2), recorded with step 0.5 µm in both 

directions. Typical linear size of sample is about 1 µm. Peaks are sharp and strong on the central frame, but they 

become lower or ever totally disappear 1 µm away from central position. Sample in dsDAC at pressure 200(5) GPa 

after pulsed laser heating.  
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 The correction must be applied with the x-translation motor above the ω-axis using the 

formula: Δ𝑥ℎ𝑖𝑔ℎ =
𝑑

sin 𝜔
. In case, when ω axis is initially not aligned with respect to primary beam 

(Figure 2.8.2-2.c, d) additional y-corrections must be. Thus, a third scan at position ω=0 is required. 

In this case, the correction for x-position is defined as: Δ𝑥ℎ𝑖𝑔ℎ =
𝑑1+𝑑2

2∙sin 𝜔
 and y-corrections should 

be applied as following: Δ𝑦𝑙𝑜𝑤 =
𝑑2−𝑑1

4∙sin2𝜔

2

,  Δ𝑦ℎ𝑖𝑔ℎ = −Δ𝑦𝑙𝑜𝑤 – for both  y-motors below and above 

axis of rotation. The alignment procedure should be repeated until the absolute value of any 

correction is less than a size of X-ray beam. The full alignment procedure should be performed 

after each possible displacement of the DAC, e.g. after a manual pressure increase or after laser 

heating, when the DAC could be moved during annealing or cooling cycles.  

 

Figure 2.8.2-1. XRD studies in DAC on synchrotron facilities. (a) – the geometry of experiment; (b) -  an 

example of absorption profile, obtained during the alignment procedure.  
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2.8.3 Two-dimensional X-ray imaging maps 

  

In an LHDAC experiments, the sample often represents the multigrain assemblage of 

crystallites, which sometimes belong to different phases. To find the best spot for the SCXRD data 

collection, or to obtain the information about the distribution of different phases, one could collect 

a 2D map of diffraction images.  

 

Figure 2.8.2-2. Typical process of sample centering in the projection along the z-axis. (a) -  ω-axis is 

aligned with primary beam; gasket hole is away from the primary beam. (b) - After several scans in the plane 

perpendicular to the primary beam direction the gasket hole is aligned with the beam. DAC is rotated around the 

ω-axis. Two horizontal scans at –ω and ω positions are performed in order to determine the distance between the 

centers to define x-correction. (c) - Second possible state: both gasket hole and ω-axis are away from the primary 

beam. (d) - After several scans in the plane perpendicular to the primary beam direction the gasket hole is aligned 

with the beam, ω-axis is away. DAC is rotated around the ω axis. Three horizontal scans at –ω, 0 and ω positions 

are performed in order to determine the distance between the centers of the gasket. Correction of x- and both y-

motors (above and below axis of rotation) should be applied.  
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The user set-ups a script that moves sample by small steps in y- and z-directions, and on 

each step it collects a XRD image with or without ω-oscillations. Later, this set of images could 

be analyzed manually in DIOPTAS program (50). Or it could be imported in XDI (51) software 

which builds a contrast maps based on the intensity of selected region of interest defined as 

particular d-spacing, for this user needs to find the unique non-overlapping diffraction peaks of 

the phase of interest.  

 

2.8.4 Data processing 

 

In case of powder diffraction studies, calibration of instrument model and integration of 

diffraction patterns were made in the DIOPTAS software (93) using CeO2 powder standard (NIST 

SRM 674b). In this thesis integrated patterns from powder XRD experiments were processed using 

the Le Bail technique implemented in JANA2006 program (94). 

The SCXRD data analysis, including the indexing of diffraction peaks, data integration, 

frame scaling, and absorption correction, was performed using CrysAlisPro software package(95). 

A crystal of orthoenstatite (Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 (space group Pbca, a=8.8117(2) Å, 

 

Figure 2.8.3. Analysis of 2D map X-ray showing the localization of the phase of interest in the pressure 

chamber. (a) - A typical diffraction image, revealing the presence of single crystalline grain, suitable for SCXRD 

studies. (b) - A reconstructed X-ray image of the sample chamber (17×17 µm2, 1 µm step size), showing the position, 

where diffraction peaks of unidentified phase are the most intense.  
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b=5.18320(10) Å, c=18.2391(3) Å) was used as a calibration standard for refinement of the 

instrumental parameters of the diffractometer (the sample-to-detector distance, the detector’s 

origin, offsets of the goniometer angles and rotations of the X-ray beam and the detector around 

the instrument axis). In general, the treatment of SCXRD data includes several steps: 

1) Peak hunting 

A peak hunting procedure starts with ph s command, it extracts the intensities and 

coordinates of peaks from experimental diffraction frames. After the input of a proper ω-angular 

range, the extraction algorithm should be chosen: automatic, traditional (when user himself defines 

the threshold for the intensities and the area size of diffraction peaks), smart or 3D. Further, the 

software reconstructs the position of peaks in a reciprocal space. The resulting list of peaks can be 

reviewed via pt e command that shows a table with a Miller indices hkl , xyz coordinates and 

experimental intensities of each Bragg’s reflection. By default, software uses an orientation matrix 

of calibrant to derive Miller indices, they would be modified in further steps. The file containing 

information of all diffraction peaks might be saved using wd t command under the *.tabbin format. 

Later one could upload the peak table into opened CrysAlis project via rd t command.  

2) Unit cell finding 

The next task for the user is to find a unit cell of the phase of interest. This can be done via 

manual inspection of all reflections in the reciprocal space viewer, invoked by pt ewald command. 

The basic algorithms of peak hunting do not recognize the parasitic diffraction from diamonds, 

gasket, dead pixels of the detector, and contribution of powder diffraction arcs originated from 

PTM. It leads to the high contamination of the reciprocal space, worsening the procedure of data 

processing (Figure. 2.8.4a). However, the recent development of the “cleaning algorithm” by Dr. 

M. Bykov and Dr. E. Koemets significantly simplified the SCXRD data analysis. Once initial 

cleaning is done, one could manually select the reflections which should build a 3-dimensional 

lattice in the reciprocal space and apply an automatic indexing procedure with um ttt command 

(Figure. 2.8.4b, c). At this step, the software defines the orientation matrix of single-crystalline 

grain, which later could be derived by ty u command. The obtained unit cell should be refined 

against the whole batch of the reflections with um i command. Usually, the search of the starting 

peaks for the unit cell finding is a complex task, especially in the case of laser-heated samples, 

containing a huge amount of crystallites. The newest development in high-pressure 
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crystallography, the DAFi software completely solves a task of searching for regular lines forming 

the unit cell in case of multi-grain samples (Figure. 2.8.4d). 

 

 

3) Data reduction 

For the given orientation matrix (UB-matrix), the precise extraction of Bragg’s peaks 

intensities could be initialized with dc proffit command. CrysAlisPro predicts the positions of the 

reflections based on the UB-matrix and integrates their intensities, taking into account reflection’s 

 

Figure. 2.8.4. The results of the peak search reconstruction and indexing in the reciprocal space using 

CrysAlisPro for the case of sample laser-heated at 200(5) GPa and 3000(300) K. (a) - An example of initial dataset 

(a) in a reciprocal space; (b) and (c) - a separate presentation of each of two single-crystallinedomains observed 

in this dataset, (d) –  a mutual rotation of these domains around b*-axis. The dots represent the reflections, colored 

cells – orientation and unit cells. 



X-ray diffraction data collection in diamond anvil cells at synchrotron facilities 

 

42 

 

shape and the background level. Analyzing the systematic absences, the software suggests a space 

group and the user inspects the quality of the data by inspecting the frame scaling curve and 

confidence values reported by program: 𝑅𝜎 and 𝐹𝑜𝑏𝑠
2 /𝜎𝑖𝑛𝑡(𝐹𝑜𝑏𝑠

2 ) and the quality of merging 

intensities of the symmetry-equivalent reflections 𝑅𝑖𝑛𝑡. These values are derived as follows: 

𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜𝑏𝑠

2 − 〈𝐹𝑜𝑏𝑠
2 〉|

∑|𝐹𝑜𝑏𝑠
2 |

 Equation 2.8-1 

𝑅𝜎 =
∑[𝜎𝑖𝑛𝑡(𝐹𝑜𝑏𝑠

2 )]

∑[𝐹𝑜𝑏𝑠
2 ]

 Equation 2.8-2 

𝜎𝑖𝑛𝑡(𝐹𝑜𝑏𝑠
2 ) = √∑(𝐹𝑜𝑏𝑠

2 −〈𝐹𝑜𝑏𝑠
2 〉)

2

𝑛
  Equation 2.8-3 

where the summations are taken over all input reflections for which more than one symmetry 

equivalent is averaged; 𝐹𝑜𝑏𝑠
2  is intensity corrected for Lorentz-polarization, 〈𝐹𝑜𝑏𝑠

2 〉 is its mean value 

over all measured equivalents; 𝑛 – is the number of redundant reflections. If the one is not satisfied 

with the quality of integration, it is possible to run the process again adjusting several variables, 

which influence the treatment of detector images: background correction, masking of reflections, 

integration range, etc. 

4) Data finalization 

The last step to be made in a CrysAlis software is a data finalization. The user checks again 

the error factors, systematic absences and defines the proper space group. CrysAlis writes down 

files containing information on the performed data reduction. Among them, the most important 

are standard reflection and instruction files recognizable with the various structure-solution 

software packages: file of types .hkl, .cif-od, .cif and .ins.  

5) Structure solution and refinement 

The files generated in the previous step further are imported into structure solution 

software. In this thesis the JANA2006 (94)  and Olex2(96) were used. 

The structure solution is a process using intensities of collected reflections for calculation 

of atomic positions and thermal parameters. The diffracted X-rays carry not only the information 

on the reciprocal vectors but also information on the electronic density distribution within the unit 
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cell of a sample. The intensities of Bragg reflections (𝐼ℎ𝑘𝑙) are proportional to the square of 

structure factor  𝐹ℎ𝑘𝑙
2 with the respect to the following formula: 

𝐹ℎ𝑘𝑙
2 =  

𝐼ℎ𝑘𝑙

𝑘 ∙ 𝐿𝑝 ∙ 𝐴
 Equation 2.8-4 

where 𝑘 is a scale factor, 𝐿𝑝 is Lorentz-polarization correction, 𝐴 is a transmission factor; those 

are related as special corrections.  

The structure factor contains information regarding the types of atoms and their positions 

within the unit cell: 

𝐅ℎ𝑘𝑙 =  𝐹ℎ𝑘𝑙 ∙ exp(𝑖𝛼ℎ𝑘𝑙) = 

= ∑ 𝑓𝑗 ∙ exp [−𝐵𝑗 ∙ (
𝑠𝑖𝑛𝜃

𝜆
)

2

] exp[2𝜋𝑖 ∙ (ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]𝑗    
Equation 2.8-5 

where the summing is made for the atoms within the unit cell; 𝑥𝑗, 𝑦𝑗, 𝑧𝑗 are the coordinates of the 

 𝑗th atom; 𝑓𝑗 is the scattering factor of the 𝑗th atom; 𝛼ℎ𝑘𝑙 is the phase of the diffracted beam; 𝐵𝑗 is a 

𝐵-factor directly related to the mean square isotropic displacement of the 𝑗th atom; 𝜃 is the 

scattering angle and 𝜆 is the X-ray wavelength.  

The electron density (𝜌𝑥𝑦𝑧) then could be derived by applying the inverse Fourier 

transformation resulting in the following equation: 

𝜌𝑥𝑦𝑧 =  
1

𝑉
∑ 𝑭ℎ𝑘𝑙 ∙ exp [−2𝜋𝑖 ∙ (ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]

ℎ𝑘𝑙

 Equation 2.8-6 

where 𝑉 is a unit cell volume. 

Indeed, it is possible to determine the electronic density and, therefore, positions of all the 

atoms. Based on a set of experimental structural amplitudes, 𝐹ℎ𝑘𝑙
2, the structure solution process 

could be described as a calculation of atomic coordinates and atomic thermal displacement 

parameters. Unfortunately, the experimental values of 𝐹ℎ𝑘𝑙
2 are real numbers, while 𝐹ℎ𝑘𝑙 required 

for calculation of electronic density is a complex function. Therefore, a direct determination of 

𝛼ℎ𝑘𝑙 phase is impossible. This issue is called a “phase problem”. However, it could be overcome 

with automated phasing procedures such as the Patterson synthesis, direct methods, heavy-atom 

methods, charge flipping algorithms, dual-space methods and others that are implemented in 

various software (94, 97, 98). After applying one of these methods, the distribution of electronic 
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density might be established; and the starting structural model could be completed. In the next 

step, the structural model is being refined against the experimental dataset with a least-squares 

minimization variation of adjustable parameters (e.g. atomic coordinates, occupancies, anisotropic 

thermal displacement parameters). 

The agreement between the model and experimental data is defined by R-factors, 

representing the quality of the refined structural model:  

𝑅1 =  
∑||𝐹𝑜𝑏𝑠| − |𝐹𝑐𝑎𝑙𝑐||

∑|𝐹𝑜𝑏𝑠|
 Equation 2.8-7 

𝑤𝑅2 = [ 
∑ 𝑤|𝐹𝑜𝑏𝑠

2 − 𝐹𝑐𝑎𝑙𝑐
2 |

∑ 𝑤𝐹𝑜𝑏𝑠
2 ]

1
2

 Equation 2.8-8 

where 𝐹𝑜𝑏𝑠 –the observed structure factor amplitude, 𝐹𝑐𝑎𝑙𝑐 – the calculated structure factor 

amplitude based on the model; and 𝑤 –weighting factor derived for each measured reflection based 

on its standard uncertainty. 
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Chapter 3  Thesis synopsis  
 

This part provides a short overview of the results presented in Chapters 4-7, that have been 

either published or prepared for submission to peer-review journals. In the Chapter 4 we report the 

results of methodological developments aiming the improvement of DAC performance at 

multimegabar pressures. Subsection 4.1 is dedicated to the tests of secondary stage anvils shaped 

with FIB from the single-crystal diamond plate. Using the Raman spectroscopy and synchrotron 

X-ray diffraction we evaluated the efficiency of anvils with different designs for pressure 

multiplication in dsDACs. Subsection 4.2 describes the newest developments at the extreme 

conditions beamline P02.2 (15) at PETRA III (Hamburg, Germany) enabling significant progress 

in data collection for samples, exposed to very high pressures with small scattering volumes. We 

optimized the procedure of the X-ray beam focusing down to submicron level and tested a new 

sample alignment system. Novel experimental setup allowed us to discover, particularly, a new 

high-pressure polymorph of Fe3O4 formed after laser-heating of Fe2O3 at pressures of ~200 GPa. 

In course of development and testing methodology of ultra-high pressure studies, we perform 

numerous experiments on different chemical systems relevant for geo- and material sciences and 

got number of important and sometimes unexpected results. Outcome of these experiments 

described in specific chapters. In Chapter 5 we report the results of additional studies devoted to 

Fe3O4 behavior at HPHT in laser-heated DAC. Our findings complement the phase diagram of 

Fe3O4 up to ~80 GPa and 5000 K, reveal the conditions of formation of two novel high-pressure 

Fe3O4 polymorphs and provide the information about chemical instability of magnetite at extreme 

conditions. These experiments demonstrate that HPHT treatment promotes the formation of ferric-

rich Fe-O compounds from decomposition of Fe3O4, thus arguing for the possible involvement of 

magnetite in the deep oxygen cycle. Chapter 6 is dedicated to the investigations of crystal 

structures of novel metal carbides synthesized during laser-heating experiments in DACs. In the 

Subsection 6.1 we present the study of hitherto unknown Re-C compounds formed due to direct 

chemical reaction between the diamond anvil and rhenium gasket at pressures of about 200 GPa 

in pulsed laser-heated DAC. The awareness of these reactions is of primary interest for the 

development of the methodology for ultra-high-pressure high-temperature experiments, in which 

Re gaskets are widely used. Unexpectedly we uncover rich chemistry of Re-C system. Using the 

nano-focused synchrotron X-ray beam, we obtained single-crystal XRD data and established 
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crystal structures and chemical compositions of four phases: Re2C, ReC2, ReC, ReC0.2. One of 

them, an orthorhombic ReC2, possesses an unusual for any known metal carbides “honeycomb”–

like arrangement of carbon atoms, suggesting an unusual mechanism of interaction between carbon 

atoms in inorganic solids at very high-pressures. In Subsection 6.2 we show unique examples of 

the formation of complex poly-anionic carbon entities in crystal structures of calcium carbides, 

synthesized in LHDACs: Immm-CaC2 (HP-CaC2) and Ca3C7. The structures of HP-CaC2 and Ca3C7 

contain deprotonated polyacene-like and para-poly(indenoindene)-like nanoribbons, respectively. 

Based on experimental XRD data and theoretical calculations we analyse the nature of chemical 

bonding and establish the compressional behaviour of synthesized compounds. Chapter 7 is 

devoted to the methodology of the synthesis and study of novel compounds at terapascal pressure 

range in a laser-heated dsDACs. Full chemical and structural characterizations of Re7N3 and 

ReN0.2 solids were realized in situ by means of SCXRD at material science beamline ID11 at ESRF 

(Grenoble, France), demonstrating the possibility to extend high-pressure crystallography to the 

terapascal regime within the multi-grain samples. 

 

  Methodological developments in ultra-high pressure studies 

3.1.1  Secondary anvils shaped from the single-crystal diamond plate 

 

The recent developments in high-pressure science such as the implementation of secondary 

stage anvils (7, 9, 10) or the usage of toroidal DACs (12, 13) enabled to reach the static high 

pressures as high as 1 TPa (2) and perform diffraction or spectroscopic studies of matter at ultra-

high pressures. However, the ongoing discussions of the capabilities of various ultra-HP DAC 

techniques and their possible complications call for further systematic investigations shape and 

type of anvils on efficiency of pressure generation. 

 In this study, we tested the performance of secondary anvils of different designs in 

dsDACs. The anvils of conical frustum or disc shapes with flat or modified culet profiles (toroidal 

or beveled) were prepared by FIB-milling a Ia-type diamond plate, made of a (100)-oriented single 

crystals (Figure 3.1.1.-1).  
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Figure 3.1.1-1. SEM-images of secondary anvils shaped using FIB from a single-crystal diamond plate of 

the 10-µm thickness. (a) Conical frustum anvil with a disc-shaped Ir sample on top fixed by a deposited Pt layer; 

(b) beveled disc-shaped anvil (slope of 8˚); (c) toroidal anvil with the flat tip; (d) toroidal anvil with a hemispherical 

tip; (e) disc-shaped anvil with the Ir disc-shaped sample on top, fixed by a deposited Pt layer; (f) toroidal anvil 

with a flat culet featuring a cavity on top. 

 

Based on Raman spectroscopy and synchrotron XRD measurements we evaluated the 

efficiency of anvils for pressure multiplication in different modes of operation: as single indenters 

forced against the primary anvils, or as pairs of anvils forced together in a full dsDAC assembly. 

All types of secondary anvils performed well up to about ~250 GPa without failure of the primary 

anvils. The maximum achievable pressures in DACs with a single indenter appeared to be 

independent on the size and shape of the secondary anvil (Figure 3.1.1-2a). However, the anvils 

of modified toroidal design enabled a gain in the sample volume, which significantly improves the 

quality of XRD data, without a loss in pressure (Figure 3.1.1-2b). Feasibility tests confirm the 

pressure multiplication efficiency of paired assemblies if they are used in dsDACs. 
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Figure 3.1.1-2. The performance of secondary stage anvils acting as single indenters. (a) - The 

relationship between the maximum of achieved and confining pressures. Open and filled symbols are pressure 

values obtained from Raman spectroscopy and synchrotron XRD, respectively. Different colors designate types of 

indenters. (b) Example of Le Bail refinement using powder XRD data collected for toroidal anvil with hemispherical 

tip. 

 

3.1.2  Sub-micron focusing setup for high-pressure crystallography at P02 beam-line at 

PETRA III 

 

One of the major challenges of structural studies at ultra-high pressures is the reduction of 

sample sizes, which often requires a very small size of the X-ray beam and high flux. Furthermore, 

micron-sized samples require the implementation of more precise and accurate sample positioning 

systems at dedicated high-pressure beamlines. Here we report the development of a sub-micron 

focusing setup at the general-purpose (GP) experiment table of the beamline P02.2 (15) at PETRA 

III, DESY (Hamburg, Germany). The new setup achieves sub-micron beam size 0.9x0.9 µm2 at 

FWHM by usage of compound refractive lenses (CRLs) supplemented with a phase plate reducing 

the spherical aberrations of the CRLs. The implementation of a correcting phase plate also 

increases a photon flux and reduces the beam tails at the focal spot. In addition, we describe an 

improved sample positioning system with the implementation of a modern air bearing rotation  
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stage operating in a combination with piezo actuator XY stages, enabling a spherical confusion on 

the order of a micron or below and a position accuracy of 0.1-0.2 μm (Figure 3.1.2b). 

We demonstrate the capability of the new setup by performing a test runs using micron-

size single crystals of CoSb3 and (Mg1.93Fe0.06)(Si1.93,Al0.06)O6 prepared by FIB (Figure 3.1.2). Our 

studies, conducted at pressures above 150 GPa, reveal the capability of novel setup to successfully 

perform SCXRD studies at ultra-high pressures. The crystal structures of new orthorhombic high-

pressure polymorph of Fe3O4 and Fe-bearing perovskite (Mg0.91(2)Fe0.09(2))SiO3 were solved and 

refined in a multigrain matrix after laser-heating in diamond anvil cells. These state-of-the-art 

  

Figure 3.1.2. Sub-micron focusing setup for high-pressure crystallography. (a) –calibration sample of 

orthoenstatite prepared by FIB; (b) - a schematic illustration of the designed “sub-micron” sample stack; (c) an 

output of empirical absorption correction applied for orthoenstatite sample, indicating the wobbling of omega 

motor used in standard sample stack of  GP table; (d) – a scaling curve of calibration sample, applied to data, 

acquired using sub-micron sample stack, showing the excellent stability of goniometer during the data collection. 
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examples highlight the full potential of the designed experimental setup with the application to 

high-pressure crystallographic studies. 

 

  High-pressure high-temperature behaviour of magnetite 

 

In this part of the thesis we report the results of in situ HPHT synchrotron SCXRD studies 

of magnetite (Fe3O4) in laser heated diamond anvil cells. Magnetite is the oldest known magnetic 

mineral and archetypal mixed-valence oxide. However, despite its recognized role in deep Earth 

processes, the behaviour of magnetite at extreme conditions remains insufficiently studied. Our 

experiments conducted at pressures up to ~80 GPa and temperatures up to ~5000 K reveal two 

hitherto unknown Fe3O4 polymorphs, γ-Fe3O4 with the orthorhombic Yb3S4-type structure and δ-

Fe3O4 with the modified Th3P4-type structure. The latter has never been predicted for iron oxides.  

We also found that Fe3O4, pressurized above ~75 GPa and heated above ~2000 K, becomes 

chemically unstable and undergoes a series of self-redox or decomposition reactions. Among the 

chemical products of these processes we found hcp-Fe (99) and two exotic iron oxides with 

unusual compositions and crystal structures: Fe5O7 and Fe25O32 (20). The available single-crystal 

XRD data allow us to perform a complex analysis of the compressional behaviour of different iron 

oxide phases and analyse variations of the volumes of different Fe-O coordination polyhedra. We 

conclude that ferrous iron in prismatic oxygen environment in iron oxides does not undergo spin 

crossover up to at least 80 GPa, and ferric iron in oxygen octahedra transforms from the high to 

the low spin state above ~45 GPa if there is Fe3+/ΣFe≥2/3 in the oxide composition. Interestingly, 

that volumes of octahedra in Fe5O7 are found to be larger than predicted for pure Fe3+, indicating 

a partial charge transfer between iron atoms in prismatic and octahedral sites. 

Our results complement the phase diagram of Fe3O4 up to ~80 GPa and ~5000 K with two 

previously unknown phases. A chemical instability of Fe3O4 at conditions corresponding to the 

depth of over 1800 km indicates the significant changes in the Fe-O system at extreme conditions 

and provides an additional argument in favour of possible chemical heterogeneity of the Earth’s 

lower mantle. Our experiments on Fe3O4 demonstrate that HPHT conditions promote formation of 
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ferric-rich Fe-O compounds, thus arguing for possible involvement of magnetite in the deep 

oxygen cycle. 

 

 

  High-pressure high temperature synthesis of novel metal carbides 

3.3.1  Crystal structures of rhenium carbides 

 

In this subsection we report the results of in situ SCXRD studies of hitherto unknown Re-

C compounds formed due to direct chemical reaction between diamond anvil and rhenium gasket 

in a pulsed laser heated DAC at pressures of about 200 GPa. Investigations of crystalline matter 

under such extreme conditions are very challenging; however, we managed to overcome technical 

difficulties associated with very small, micron-sized, samples, poor signal to noise ratio, and 

parasitic diffraction typical for high pressure experiments in DACs. We used nano-focused 

synchrotron X-ray beam at ID 11 beamline at ESRF (Grenoble, France) to obtain SCXRD data 

and established crystal structures and chemical compositions of four phases: Re2C (30, 105), ReC2,  

 
Figure 3.2.1. Transformational phase diagram of Fe3O4 summarizing literature data and the results of the 

present study (plotted as stars). Literature data are obtained from references (21–23, 25, 26, 100–104). 
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ReC, ReC0.2. Two of observed compounds - WC-structured ReC and orthorhombic TiSi2-

structured ReC2 - have never been observed or predicted for the Re-C system. Orthorhombic ReC2, 

possesses an unusual for carbides crystal structure. It is composed of “honeycomb-like” carbon 

nets, with unexpectedly long C-C distances (~1.758(3)-1.850(4) Å).  

Apart of importance to material science, solid-state physics, and high-pressure chemistry, 

our findings have to be taken into account upon the planning experiments in laser-heated DACs at 

multimegabar pressures (as soon as Re is common material for gaskets, and diamond always can 

act as a source of carbon). 

 

3.3.2  Crystal structures of calcium carbides 

 

Known metal carbides contain the simplest carbon anions: isolated carbon atoms C4-, [C2]
2-

-dumbbells and linear trimers [C3]
4-, which are isostructural to methane, acetylene, and allene, 

respectively (34–41). However, ab initio calculations predict the pressure-induced changes in the 

bonding patterns of carbides, leading to formation of the exotic carbon poly-anions: [C4] chains, 

[C5] units, [C6] rings, and, eventually, graphitic carbon sheets (42–45)  

In Subsection 7.2 we show the results of HPHT studies of CaC2 in LHDACs performed 

using synchrotron SCXRD at pressures up to ~150 GPa and temperatures up to ~3000 K. Single 

crystals of CaC2-I (46) were loaded into the BX-90 DAC with a paraffin oil, served as pressure- 

 

Figure 3.3.1. Crystal structures of Re-C compounds observed in the present study at ~200 GPa: hP-Re2C, 

WC-type structured ReC, TiSi2-type structured oF-ReC2; and B8-type structured interstitial solid solution ReC0.2. 

Dark blue balls designate Re atoms; dark gray balls – carbon atoms, white balls with a dark gray sector symbolize 

a partial occupancy of the position by carbon atoms. 
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transmitted medium. Laser heating was performed in a continuous mode using double-sided laser-

heating setup at the BGI (61). For the first time, we observed the formation of predicted high-

pressure polymorph of CaC2 (HP- CaC2), its crystal structure was solved and refined on the basis 

of experimental SCXRD data. Also we observed a novel Ca3C7 compound, which was never 

anticipated or observed before, with the orthorhombic crystal structure (space group Pnma), 

featuring infinite, fully deprotonated para-poly-indenoindene (p-PInIn)-like (106). Experimental 

results were supported by DFT calculations. Theoretically calculated crystal structures are in a 

perfect agreement with the experimentally determined ones.  

 

 

Figure. 3.3.2. Crystal structures of novel calcium carbides, synthesized in present work. (a) –HP-CaC2 

(at 44(1) GPa), (b) –Ca3C7 (at 38(1) GPa) cross-sections of the calculated electron localization function (ELF) in 

projection high-lighting the deprotonated poly-acene(c) and para-poly-indenoindene(d) nanoribbons. Calcium 

atoms are shown as white spheres; grey, red and blue ones symbolize carbon atoms. 
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  High-pressure high-temperature synthesis at terapascal pressures 
 

Theoretical modelling predicts very unusual structures and properties of materials at 

extreme pressure-temperature conditions(107, 108). Hitherto, their synthesis and investigations 

above 200 GPa have been hindered by both the technical complexity of ultra-high-pressure 

experiments and the absence of relevant methods of materials’ analysis in situ. Here we report on 

the methodology that was developed to enable experiments at static compression in terapascal 

regime with laser heating and on its application to the synthesis of a novel rhenium nitride, Re7N3, 

and a rhenium-nitrogen alloy at terapascal pressures a laser-heated dsDACs. 

 

Figure 3.4.1-1. A 3D presentation of diamond anvils featuring the toroidal profile with NCD semi-balls 

(white half-spheres) placed on the toroidal tip. External anvils are conventional Boehler-Almax type single-beveled 

diamonds with a 40-µm culet size. Sample is shown as red block. 

  

To achieve the desired pressures, we combined toroidal (12, 13) and double-stage (2, 7, 8) 

anvils design: two semi-balls made of transparent NCD (2), were placed on the tip of the miniature 

toroidal culet. A few grains of a rhenium powder (99.995% purity, Merck Inc.) were placed into 

the pressure chamber, which was then filled with nitrogen (N2) at about 1.4 kbar using the high-

pressure gas-loading setup (77) at the Bayerisches Geoinstitut (BGI, Bayreuth, Germany) After  
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pressurization of the cells to about 120-140 GPa on the first-stage anvils, the samples were laser 

heated. The dsDACs with temperature-quenched material were transported to ID11 at the ESRF 

(Grenoble, France) and investigated using both powder and single-crystal XRD. A rhenium-

nitrogen alloy, and a novel rhenium nitride Re7N3 were synthesized in three different experiments 

in the Re-N system. Full chemical and structural characterizations of Re7N3 and ReN0.2 solids were 

realized in situ, demonstrating the successful application of high-pressure crystallography methods 

to multi-grain samples, subjected to terapascal pressures. By extending experimental field of high-

pressure synthesis and structural studies, our work paves the way towards discovering of new 

materials and observations of novel physical phenomena at extreme conditions.  

 

  

 

Figure 3.4.2-2. Crystal structures of phases observed in laser-heated dsDACs at terapascal pressures. (a) 

- hexagonal Re7N3 at 905(5) GPa in dsDAC #1; (b) cubic (B1 NaCl-type structured) rhenium-nitrogen solid 

solution ReN0.2 at 730(4) dsDAC #3. Rhenium atoms are shown as grey spheres and nitrogen atoms are shown as 

blue ones. 
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Abstract 
 

The success of high-pressure research relies on the inventive design of pressure-generating 

instruments and materials used for their construction. In this study, the anvils of conical frustum 

or disc shapes with flat or modified culet profiles (toroidal or beveled) were prepared by milling 

an Ia-type diamond plate made of a (100)-oriented single crystal using the focused ion beam (FIB). 

Raman spectroscopy and synchrotron X-ray diffraction (XRD) were applied to evaluate the 

efficiency of the anvils for pressure multiplication in different modes of operation: as single 

indenters forced against the primary anvil in diamond anvil cells (DACs), or as pairs of anvils 

forced together in double-stage diamond anvil cells (dsDACs). All types of secondary anvils 
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performed well up to about 250 GPa. The pressure multiplication factor of single indenters 

appeared to be insignificantly dependent on the shape of the anvils and their culets’ profiles. The 

enhanced pressure multiplication factor found for pairs of toroidally shaped secondary anvils 

makes this design very promising for ultra-high-pressure experiments in dsDACs. 

 

Introduction 
 

The impact of high-pressure (HP) studies on fundamental physics, chemistry, and 

especially on Earth and planetary sciences, is enormous. Solids exposed to high pressures reveal 

numerous complex phenomena, such as metal-to-insulator transitions(1, 2), high temperature 

superconductivity(3–5), and new “super”-states of matter(6–8). Even at moderated pressure-

temperature (PT) conditions fully unexpected chemical bonding and stoichiometry can be 

observed(9). Nowadays, high-pressure high-temperature (HPHT) synthesis has become a well-

established technique, which enables discoveries of novel materials with unique physical 

properties(10–12). Among all of apparatuses used for static pressure generation, diamond anvil 

cells (DACs) are the most efficient, providing the widest span of achievable PT conditions. The 

transparency of diamond in a large range of energies of electromagnetic radiation enables probing 

the samples in situ at extreme conditions by different analytical methods, such as X-ray diffraction 

(XRD), X-ray transmission microscopy (XRTM), Raman, nuclear magnetic resonance (NMR), 

Mossbauer, X-ray absorption spectroscopies and many of other techniques based on optical 

measurements. (13–22)  

The design of DACs went through long iterative and incremental development aimed at 

achieving higher and higher pressures. At the moment conventional DACs with bevelled diamond 

anvils work up to ~ 450 GPa, but further pressure increase is limited by the yield strength of single-

crystal diamond(23–25). Being the hardest and strongest of known materials, diamond is brittle, 

its fracture toughness is relatively low, and hardness is anisotropic(26, 27). Collapse of the 

diamond anvils under compression in the [001] direction is usually provoked by the cleavage along 

the {110} planes.  

Currently, to tackle multimegabar pressures, the interest has switched to so-called double-

stage DAC (dsDAC) design(28–31). The dcDACs implement secondary anvils in the pressure 
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chamber of a conventional DAC to enable pressure multiplication due to the further force transfer 

to even smaller area of the culet of the secondary anvil. Experiments in dsDACs with secondary 

anvils made of an isotropic material, nanocrystalline diamond(28) (NCD), first demonstrated a 

possibility of XRD studies up to ~750 GPa(32) and later enabled beating static pressures as high 

as 1 TPa(29). NCD semiballs of only a dozen microns in diameter (with a grain size of 2-15 nm) 

were used in these experiments as secondary anvils. Following the first breakthrough, secondary 

micro-anvils have been produced using focus ion beam (FIB) milling from other materials, for 

example, synthetic nano-polycrystalline diamond(30) (NPD) with a grain size of ca. 100 nm. The 

reported maximum of achieved pressures was over 300 GPa with the culet size of the secondary 

anvil of 3 μm(30). Use of NPD with a grain size reduced down to ~10 nm enabled achieving ~600 

GPa(31), as determined based on the equation of state (EoS) of rhenium reported by Dubrovinsky 

et al. (2012)(28) (or ~430 GPa, according to the Re EoS of Anzellini et al. (2014)(33)). Such 

pressures are comparable to those reported in experiments with NCD semiballs as secondary 

anvils(28),(32). Nevertheless, the HPHT synthesis of NCD balls in a large volume press and 

selection of the balls suitable for ultra-HP experiments remain laborious. Another drawback of 

NCD or NPD is that they are opaque and highly luminescent that complicates spectroscopic 

measurements. 

Recently, DACs with so-called toroidal anvils (tDACs)(34, 35) were introduced. Using 

FIB, the profile of the primary anvils is modified, so that the culet features a circumference cavity 

and a summit (a tip) in its center with a diameter of ~15-25 µm, which works as a secondary anvil, 

when the DAC is assembled. When two anvils are forced together, the shape of the cavity 

resembles a toroid and the sample is squeezed between the tips. The toroidal cavity accommodates 

gasket (or sample) material and reduces its outflow from the center. It also helps to decrease the 

magnitude of the shear stresses in the anvils themselves. Upon compression, conventional anvils 

undergo a convex deformation, when the pressure chamber gets a shape of a convex lens. 

Eventually, the deformation leads to the failure of anvils. In the toroidal design this effect can be 

partially compensated due to complex stress distribution, and tDACs sustain higher pressures than 

DACs with conventional anvils. In tDACs pressures of ~500 GPa have been achieved(34, 35), and 

the authors suggested that there is still a potential for a further pressure increase through adjusting 

the size and the slope of the cavity of the toroidal anvil. These new tDACs were used for 
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synchrotron infrared absorption spectroscopy studies of dense solid hydrogen at 80 K and ~400 

GPa.(36) 

The developments described above and the ongoing discussion of capabilities of various 

ultra-HP DAC techniques call for systematic testing of the performance of secondary anvils of 

different designs. Here, using FIB, we manufactured various types of secondary anvils from 

commercially available single-crystal diamond plates (AlmaxEasy Lab) and investigated their 

efficiency for pressure multiplication. Our results are described in detail below. 

 

Methods 
 

Fabrication of secondary anvils 

 Secondary anvils were prepared by FIB milling of single-crystal diamond plates with a 

thickness of 10 µm using the FIB machines (Scios DualBeam system, FEI Deutschland GmbH) 

installed at Bayerisches Geoinstitut (BGI, Bayreuth, Germany) and at DESY Nanolab (Hamburg, 

Germany). Each time a 3D model was programmed using the MATLAB software. The simulated 

milling profile was saved as a 2D 24-bit grey-scale RGB bitmap. The milling was performed under 

the acceleration voltage of 30 kV with the Ga ion current of 15-30 nA. A recess with a depth of 

~0.5 µm on toroidal anvils with a semispherical tip was made at 30 kV and 1nA. 

dsDAC preparation 

The BX-90(37) type DACs were used in the most of experiments. The culets of primary 

anvils were either of 120 or 250 μm in diameter. The primary sample chambers were formed by 

pre-indenting rhenium gaskets to the thickness of 12-13 μm and by drilling a hole with a diameter 

of ~120 µm in the center of the indentation. Paraffin oil was used as a pressure transmitting 

medium (PTM). Iridium, gold (99.9% purity, purchased from Sigma Aldrich), or their mixtures 

were used as both samples and pressure markers in X-ray diffraction studies. Thin pellets of these 

metals were prepared by pressurizing their powders, which then were placed upon the secondary-

stage anvil either in the chamber of the FIB instrument, or using a micromanipulator (Micro 

Support Co. Ltd.). 
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Pressure determination 

Raman spectra from the primary or secondary diamond anvils were recorded using the 

LabRam system equipped with a He-Ne laser source (λ=632 nm) at the BGI. The size of the laser 

beam is 2 µm in diameter. The pressure was determined on the position of the high-frequency edge 

of the A1g diamond Raman mode according to the calibration of Akahama and Kawamura 

(2010)(24).  

The 3rd order Birch–Murnaghan equations of state of Ir (V0=56.56(4) Å3, K0=341(10) GPa, 

and K´=4.7(3); Yusenko et al. (2019)(38)) and Au (V0=67.850(4) Å3, K0=167 GPa, and 

K´=5.77(2); Fei et al. (2007)(39)) were utilized to determine pressure on the basis of XRD data 

using the EOSfit7c software(40). 

X-ray diffraction 

Synchrotron XRD studies were conducted at beamline P02.2 (Petra III, DESY Hamburg, 

Germany) with either (a) a submicron X-ray beam (0.8ˣ0.8 µm2 at FWHM, focused with a system 

using compound refractive lenses, the wavelength λ=0.4853 Å) or (b) a micron-size beam (2ˣ2 

µm2 at FWHM, focused with Kirkpatrick–Baez mirrors, λ=0.2885 Å). Diffraction images were 

recorded on a Perkin Elmer XRD1621 flat panel detector. Calibration of the instrument model, as 

well as the integration of diffraction patterns, were made using the DIOPTAS(41) software with 

the CeO2 powder standard (NIST SRM 674b). 2D X-ray diffraction imaging was made using XDI 

program(42). The lattice parameters and the unit cell volumes of Au and Ir were obtained through 

the LeBail method applied to the powder XRD data using JANA2006 program(43).  

 

Results and discussions 
 

Performance of secondary anvils used as single indenters forced against the primary anvil of a 

DAC 

The secondary anvils of different sizes and forms (conical frustum- or disc-shaped) with 

flat or modified culet profiles (toroidal or bevelled) (Figure 1) were prepared by FIB milling of an 

Ia-type diamond plate made of an (100)-oriented single crystal as described above in Methods. All  
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anvils had the same height of 10 µm defined by the thickness of the diamond plate from which 

they were prepared. A list of all anvils fabricated and tested in this study is provided in Table 5.1.  

 

 

Figure 1. SEM images of secondary anvils shaped using FIB from a single-crystal diamond plate of the 

10-µm thickness. (a) Conical frustum anvil CA 10/20 with a disc-shaped Ir sample on top fixed by a deposited Pt 

layer; (b) bevelled disc-shaped anvil DAb 20/50 (slope of 8˚); (c) toroidal anvil TAf 10/60; (d) toroidal anvil TAs 

2/60 with a hemispherical tip (the spherical diameter is of ~2 µm; the cavity on the top with a  depth of ~0.5 µm 

was made to increase the amount of the sample in the pressure chamber; (e) disc-shaped anvil DA 20/20 with the 

Ir disc-shaped sample on top, fixed by a deposited Pt layer; (f) toroidal anvil TAf/c 10/40 with a flat culet featuring 

a cavity of ~5 µm in diameter and ~0.5 µm in depth . Cross-sections of the anvils provided below each image show 

the dimensions of the anvils and the profiles of their culets. 
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Table 1: List of secondary anvils fabricated and tested in this study as single indenters. All anvils 

had the same height of 10 µm defined by the thickness of the diamond plate, from which they were prepared. 

 

An example of a 3D model of a conical frustum anvil CA 10/20 and the corresponding 

FIB-milled anvil is shown in Figure 2.  

In this section we describe the experiments, in which secondary anvils were used as single 

indenters forced against the primary anvil of a DAC. The goal of the experiments is to investigate 

if the size and shape of the secondary anvils used in such a mode of operation influences the 

maximum pressure achievable under the indenter. A scheme of the DAC assembly featuring a 

single secondary anvil is shown in Figure 3. As the secondary anvil is confined within paraffin oil 

in the primary DAC chamber, the pressure in this chamber is called confining pressure (Pconf.). The 

pressure imposed by the single indenter on the metallic sample, squeezed between its culet and the 

culet of the upper primary diamond anvil, is called sample pressure (Psamp.). To determine Pconf., a 

Raman spectrum is taken from the off-sample point on the culet of the primary diamond anvil (the 

direction of the laser beam is shown by the red arrow in Figure 3a. Pconf. is then calculated as 

described in Methods (ref. (24)). To determine Psamp., Raman spectra are also taken from the culet  

Secondary anvil 

designation (anvil 

name) 

Design of secondary anvils Top diameter 

(culet size), µm 

Bottom 

diameter, µm 

Figure number 

for anvil’s 

image 

CA 10/20 Conical frustum Anvil 10 20 Figure 1a, 2b 

DAb 20/50 Disc-shaped Anvil with a beveled 

culet 

20 50 Figure 1b 

TAf 10/60 Toroidal Anvil with a flat culet 10 60 Figure 1c 

TAs 2/60 Toroidal Anvil with a semi-

spherical culet featuring a cavity of 

0.5 µm in depth on the top 

ca. 2 60 Figure 1d 

DA 20/20 Disc-shaped Anvil 20 20 Figure 1e 

TAf/c 10/40 Toroidal Anvil with a flat culet 

featuring a cavity of 0.5 µm in 

depth and ~5 µm in diameter 

10 40 Figure 1f 
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of the primary diamond anvil, but in the on-sample points (the directions of the laser beam are 

shown by the green arrows in Figure 3a). Figure 4a presents the results of such measurements in a 

DAC with CA 10/20 (250/250 μm primary anvils). Further, the sizes of primary  

anvil’s culets are given in brackets. The Raman spectrum on the bottom of Figure 4a (purple curve) 

is the one taken from the off-sample point of the primary diamond anvil. It gives Pconf.=31(1) GPa. 

The other spectra, shown in Figure 4a in different colors, are those taken from four different on-

sample points. They give four different values of Psamp. (137(1), 152(1), 156(2), and 182(2) GPa). 

Pressure on the sample under the indenter is considerably enhanced in comparison to confining 

pressure, but it is not evenly distributed across the culet of the secondary CA 10/20 anvil (with 

gradients up to 45 GPa in this particular example).  Figure 4b illustrates the correlation between 

Pconf. and Psamp.. The spectra shown in Figure 4b were taken from the same on-sample point upon 

pressurization of the cell. Whereas Pconf. increased from 15(1) to 31(1) GPa, Psamp. raised from 

120(2) to 182(2) GPa, thus the higher Pconf. the larger Psamp.. 

Quantitative linear pressure profiles (Figures 5a-c) were obtained in further experiments 

on the results of XRD linear scans. For this purpose, at each point along a line across the pressure  

 

Figure 2. Conical frustum anvil CA 10/20.  (a) A 3D model of the conical frustum (top and bottom 

diameters are 10 and 20 µm, respectively); (b) SEM image of the anvil milled from a diamond plate according to 

the model using FIB. A disc-shaped iridium sample was placed on the top. The sample was made by compaction of 

Ir powder into a pellet. The latter was fixed on the top of the anvil by a FIB-deposited Pt layer (seen as a square in 

front); (c) 24-bit grayscale bitmap used for fabricating the anvil. 
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chamber, the pressure was determined on the EoS of the metallic sample, Ir (ref. (38)) or Au (ref. 

(39)), thus, providing the linear pressure profile (Figs. 5a-c).  

The analysis of the pressure profiles (Figure 5) allows to conclude that the pressure 

distribution across all kinds of the secondary anvils is uneven, deformation of culets increases with  

an increase of confining pressures, and the convex deformation of culets is well pronounced for 

both CA 10/20 and DAb 20/50 anvils (Figure 5a, b). The TAs 2/60 appeared to be the most efficient 

in achieving the highest pressures (Figure 5c). The quite even distribution of pressure over the 

very small culet with the maximum in the middle is due to the relatively large bottom diameter of 

TAs 2/60, which prevents indenter’s inclination, and the small size of the tip, which reduces its 

convex deformation.  

 

Figure 3. Elements of the dsDAC assembly with a single secondary anvil. (a) Schematic diagram of the 

pressure chamber of DAC with a single conical frustum-shaped secondary anvil (not scaled). Red and green arrows 

show the directions of the laser beam for Raman measurements from off-sample and on-sample points, respectively. 

(b) An image of the real pressure chamber of the DAC with the single conical (CA 10/20) secondary anvil (the culet 

diameter of the primary anvil is 120 µm) taken under an optical microscope; the black circle outlines the external 

rhenium gasket. (c) An image of the toroidal (TAs 2/60) secondary anvil placed on the primary diamond culet; the 

black circle and the black dot outline the outer rim and the semispherical tip, respectively. 
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The results of testing the pressure generation efficiency of the secondary anvils of various 

designs are summarized in Table 2. It is clear that the higher Pconf., the larger Psamp.(max.) can be 

achieved. There are only two examples of deviations from this regularity: the results for CA 10/20 

(250/250) and DA(20/20), but they have clear explanations considering peculiarities of the real  

experiments. In the first case, the seemingly too high Psamp.(max.)=182(2) GPa at the relatively low 

Pconf.=31(1) GPa was achieved in a single point at the rim of the culet because of the extreme 

inclination of the flat culet of the secondary anvil. In the case of DA 20/20, the lower pressure 

multiplication factor was due to a larger thickness of the primary gasket (~15 µm) compared to 

12-13 µm in other experiments. This is why the DA(20/20) indenter faced the primary anvil at 

confining pressure of about 30 GPa that reduced the efficiency of the assembly in general.  

As seen in Table 2, TAs 2/60 in the DAC with 120-μm primary diamond anvils enabled 

achieving maximal pressure of 264(8) GPa (Figure 6b), as determined on the Ir EoS (ref.(38)). 

This pressure value is comparable to those reported for dsDAC assemblies introduced by Sakai et 

al. (2015) (30) and Lobanov et al. (2015) (44). Despite similar pressures can be achieved  in  

 

Figure 4. An example of Raman spectra of diamond used for pressure determination in the DAC with a 

single conical anvil CA 10/20. (a) The Raman spectrum taken from the off-sample point of the primary diamond 

anvil (purple curve, Pconf.=31(1) GPa) and those taken from four different on-sample points (see the schematic in 

Figure 3a). The shift of the high frequency edge of the Raman mode24 gives evidence of an uneven Psamp. distribution 

across the sample: Psamp.=137(1), 152(1), 156(2), and 182(2) GPa, as determined on four different spectra. (b) 

Spectra taken from the same on-sample point upon pressurization of the cell up to Pconf. =31 GPa: the higher Pconf., 

the larger Psamp..  
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conventional DACs equiped with beleved diamonds with culets smaller than 50 µm, the process 

of alignment and preparation of such conventional DACs is laborious and requires certain skills 

from the researcher  Experiments with a single indenter are significantly simpler and pressures 

above 250 GPa can be successfully achieved with primary anvils of 120- and 250-µm culets.  

 

Table 2. The results of testing of the secondary anvils of various designs in dsDACs. Here, 

Psamp.(max.) is the maximum pressure achieved on the sample and Pconf. is the corresponding confining 

pressure in the primary chamber of dsDAC 

Anvil name Size of the primary anvils (top/bottom), μm Pconf., GPa Psamp. (max.), GPa 

TAs 2/60 120/120 112(3) 264(8) 

CA 10/20 120/250 86(2) 212(5) 

CA 10/20 250/250 31(1) 182(2) 

DAb 20/50 250/250 60(1) 174(5) 

TAf 10/60 250/250 56(1) 148(4) 

DA 20/20 250/250 47(1) 105(3) 

 

 

 

Figure 5. Linear pressure profiles for different types of secondary anvils used as single indenters in DACs. 

The pressure distribution profiles for (a) CA 10/20 (120/250), (b) DAb 20/50, and (c) TAs 2/60 anvils were retrieved 

from X-ray diffraction linear scans recorded with the step of 1µm across the secondary anvils. 
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Figure 6. X-ray diffraction patterns of Ir samples in 

DACs.  (a) Unwrapped 2D XRD pattern from a DAC 

with TAs 2/60 secondary and 120-µm primary diamond 

anvils (λ=0.2885 Å, beam size ~2x2 µm2 at FWHM). The 

output of the Le Bail refinement using powder 

diffraction data for the same sample (b) and for a 

sample in a DAC with TAf 10/60 (c) secondary and 250-

µm primary anvils (λ=0.4853 Å, beam size ~0.8x0.8 µm2 

at FWHM). Red crosses show the experimental data, the 

dark blue curve is the simulated powder diffraction 

pattern, black curve shows the difference; orange and 

green ticks correspond to the diffraction lines of Ir at 

low pressure (Ir LP) and high pressure (Ir HP), 

respectively. Pressure was determined using the 

equation of state from Yusenko et al. (2019). 
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Moreover, if a pressure multiplication factor in a DAC with a single indenter appears to be 

insufficient, the DAC can be re-loaded, and the experiment repeated with the same primary anvils, 

as they are usually not damaged. 

 To compare the efficiency of secondary anvils for pressure multiplication, we plotted the 

values of maximal pressures achieved with different kinds of indenters, Psamp.(max.), versus 

confining pressures, Pconf. (Figure 7). It turned that all curves have similar slopes, which means 

that all kinds of tested secondary anvils provide similar multiplication factors, which practically 

do not d epend on anvils’ design. Our experiments with secondary anvils acting as single indenters 

were terminated at about 250 GPa mainly due to the plastic deformation of the primary anvil under 

indenter.  

 

Figure 7. The relationship between the maximum pressures measured on the sample (Psamp. (max) and 

corresponding confining pressures (Pconf.) in DACs with single secondary anvils (single indenters). Pressure values 

obtained from Raman spectroscopy and synchrotron X-ray diffraction are shown by open and filled symbols, 

respectively. Different colours designate types of indenters, according to Table 1. The size of primary anvils is 

indicated in brackets if it is different from (250/250).  
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Performance of pairs of secondary anvils in dsDACs  

 

In this section we describe only the feasibility tests, because the performance of anvils 

working in pairs was not so extensively studied as that of single indenters in the current work. 

To test the performance of pairs of secondary anvils in dsDAC, we first started with those 

of the simplest shape (DA 20/20, Figure 1e). The second-stage assembly, consisting of two 

diamond disks (DA 20/20) and a gasket with a sample in between, was prepared in the chamber 

of the FIB instrument (Figure 8a). The lower diamond disk was attached to the original diamond 

plate with a tiny bridge, leftover after its milling (Figure 8a,b). The gasket was made of a ~2-3-µm 

thick Re foil using the Ga-beam double-side polishing technique in order to avoid its thickness 

variation. It had a shape of a disc with a hole of ~5 µm in diameter (Figure 8a, left). The ready 

gasket was mounted on a standard copper grid holder, which was placed in the FIB chamber 

perpendicularly to the electron gun column. A disc-shaped piece of an Au foil served as a sample. 

It was made of a pre-compressed metal powder and had a thickness of ~2 µm (Figure 8a, middle). 

Both the gasket and the sample were placed on the top of the anvil using the Easy-lift needle, and 

the miniature gasket was fixed at its place by Pt deposition. After that, the second diamond disk 

was precisely aligned upon the gasket and fixed by Pt deposition (Figure 8a, right). Thus, micro-

manufacturing using a dual-beam FIB enables us to choose the desired anvils shape, to put a 

sample exactly between the secondary anvils, and to complete assembling of the secondary stage 

anvils inside the FIB chamber that provides such a precise alignment which would be very difficult 

to realize otherwise. After cutting the bridge connecting the bottom secondary anvil to the diamond 

plate, the whole assembly, which is ~22-23 µm in height, could be transferred to an SEM-holder 

and then placed on the culet of the primary anvil in the primary chamber of the dsDAC using a 

micromanipulator (Micro Support Co., Ltd.). 

 The primary chamber of the dsDAC was then loaded with the paraffin oil that served as a 

pressure transmitting medium. In situ high-pressure XRD studies showed that dsDACs equipped 

with pairs of DA 20/20 secondary anvils were able to generate pressures of 186(2) GPa, as 

determined on the Au pressure scale(39) (aAu=3.596(2) Å, VAu=46.50(2) Å3) at the confining 

pressure of 42(2) GPa (Figure 10a). The (Psamp.(max.) vs Pconf.) curves for two runs involving   
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similar sets of two disc-shaped anvils (2 DA 20/20) (indicated by purple squares and green 

triangles in Figure 9a) look differently, because each DAC experiment is unique. There are a large 

number of parameters, which can significantly affect the rate of success of the high-pressure 

experiments and their results, but hardly can be standardized: small difference in thicknesses or 

positions of elements, sizes of samples, skills of researchers preparing a DAC, and others. In this 

particular case, the initial thicknesses of the primary Re gaskets (i. e. the heights of the primary 

sample chambers) were not identical. Nevertheless, Figure 9a shows principally different 

capabilities of dsDACs with two secondary anvils in comparison to DACs with single indenters  

 

Figure 8. SEM images taken in situ in the chamber of the FIB instrument upon mounting the second-stage 

assemblies including two secondary anvils. (a) From the left to the right: DA 20/20 anvil at the bottom and a Re 

secondary gasket with a hole for a sample (left); placement of an Au sample into the hole using the Easy-lift needle 

(middle); completed assembly with the second DA 20/20 anvil on the top (right).  (b) TAf 10/40 type anvil (left); 

TAf/c 10/40 anvil featuring a cavity with the depth of ~0.5 µm and the diameter of ~5 µm, which prevented the 

sample from complete outflow upon compression (middle); placement of an Ir sample using the Easy-lift needle 

directly on the top, as there was no a secondary gasket in this dsDAC assembly (right). Sketches with the dimensions 

of the anvils are provided in Figure 5.1. 
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Figure 9. The results of feasibility experiments in dsDACs with pairs of secondary anvils. (a) The 

relationship between the maximum pressures measured on the sample (Psamp.(max.)) and corresponding confining 

pressures (Pconf.) for pairs of disc-shaped anvils (2 DA 20/20) in two different dsDACs experiments (purple squares 

and green triangles), for a pair of toroidal anvils (TAf 10/40 and TAc 10/40; pink circles), and for a DAC with a 

single indenter (1 DA 20/20; blue circles). (b) A 2D map showing the distribution of Au (sample material) and Re 

(gasket material) between the two DA 20/20 anvils obtained on the basis of XRD mapping; yellow and green regions 

for gold under lower (Au LP) and higher pressure (Au HP), correspondingly; dark violet and purple regions - for 

Re LP and Re HP; the colours’ intensity is proportional the intensity of the following XRD reflections: the (100) 

and (101) of Re, (111) and (002) of Au; white color indicates the areas where neither Re nor Au was detected. (c) 

A 3D schematic showing pressure distribution over the pressure chamber imaged in (b); the colour scale to the 

right indicates pressures in GPa. (d) An optical image of the assembly, consisting of a pair of secondary DA 20/20 

anvils loaded inside the DAC with paraffin oil as a pressure transmitting medium at confining Pconf.=42(2) GPa 

(Psamp.(max.)=186(2) GPa). Dark spot inside the secondary sample chamber is the Au-sample enclosed into the 

secondary gasket. 
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(blue circles in Figure 9a). Two secondary anvils (contrary to a single indenter) provide a higher 

“pressure multiplication factor”. 

A 2D map of the phases’ distribution (Figure 9b), based on the 2D XRD mapping across 

the pressure chamber featuring the “2 DA 20/20” assembly, reveals that both Au and Re were 

smeared while the two secondary anvils bridged, but the major part of Au still remained in the 

middle of the chamber under high pressure (shown in green in the 2D map). Figure 9c shows a 3D 

schematic of the pressure distribution over the pressure chamber imaged in Figure 9b. Notably, 

that assembly, consisting of the two DA 20/20 remains transparent as it was made of single-

crystalline diamond (Figure 9d), which enables optical measurements and spectroscopic studies. 

For the next test, we used two toroidal anvils, one of which was of the TAf 10/40 type, 

while the second one (TAf/c 10/40, see Figure 1f) featured a cavity with the depth of ~0.5 µm and 

the diameter of ~5 µm (Figure 8b, middle), which prevented the sample from complete outflow 

upon compression. There was no secondary gasket in this dsDAC assembly, and the sample (~2 

µm thick Ir foil of ~10 µm in diameter) was placed directly on the culet (Figure 8b, right) and fixed 

 

Figure 10. X-ray diffraction patterns from the samples loaded into dsDACs with pairs of secondary anvils: 

(a) DA20/20 and (b) TA 10/40 (b). The output of the Le Bail refinement based on powder diffraction data: red 

crosses are the experimental data, the blue curve is the simulated powder diffraction pattern, black curve shows 

the difference, orange and green ticks correspond to the diffraction lines of the sample at low pressure (Ir LP) and 

at high pressure (Au/Ir HP), respectively. Pressure was determined using the equations of state of Au from Fei et 

al.39 and of Ir from Yusenko et al.38  
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by Pt deposition inside the FIB chamber. Primary anvils were made of beveled diamonds with 

150-μm culets. The primary Re gasket was indented to a thickness of ~25 μm and a hole of ~45 

μm in diameter was drilled in its center. XRD studies, conducted at the P02.2 beamline at PETRA 

III (see Methods), have shown that such design enables achieving pressures as high as 205(3) GPa 

(according to the Ir EoS(38)) at the confining pressure of ~30 GPa (see the straight part of the pink 

curve in Figure 9a). Although the pressure multiplication factor of ~7 is very promising, further 

compression of the dsDAC resulted in the misalignment (flow) of the secondary anvils. The 

maximum pressure generated in the experiment was 235(7) GPa based on Ir EOS(38) (a=3.4486(3) 

Å, V=41.015(4) Å3) at the confining pressure of 58(3) GPa (Figure 10b). Remarkably, the culets 

of primary anvils under TA 10/40 stayed fully intact after the cell decompression that happens 

rarely after experiments aiming at pressures above 200 GPa. 

 

Summary 
 

The FIB technique enables fabricating microanvils of a given size and shape that 

significantly improves the technique of dsDACs preparation. Our experiments have shown that 

maximal pressures achievable in DACs with a single secondary anvil do not significantly depend 

on the shape of the anvils (conical frustum or disc) and their culets’profiles (flat, toroidal, or 

spherical). However, toroidal anvils demonstrate higher stability in the assembly,  more uniform 

pressure distribution over the sample chamber, and improve the reproducibility of experiments in 

DACs with a single indenter. Feasibility tests confirm high pressure multiplication efficiency of 

pairs of toroidal secondary anvils fabricated by FIB for applications in dsDACs. 
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Abstract 
 

Scientific tasks aiming at decoding and characterizing complex systems and processes at 

high pressures set new challenges to modern X-ray diffraction instrumentation in terms of X-ray 

flux, focal spot size and sample positioning. Here, we present new developments at the Extreme 

Conditions Beamline (P02.2, PETRA III, DESY, Germany) that enable considerable 

https://doi.org/10.1107/S1600577522002582
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improvements for data collection at very high pressures and small scattering volumes. Particularly, 

we describe the focusing of the X-ray beam to the sub-micron level with controlled aberrations of 

the focusing compound refractive lenses due to the implementation of a correcting phase plate. 

This device provides a significant enhancement of the signal-to-noise ratio by conditioning the 

beam shape profile at the focal spot. A new sample alignment system with a small sphere of 

confusion enables single-crystal data collection from grains of micron to sub-micron dimensions 

subjected to pressures as high as 200 GPa. The combination of the technical development of the 

optical path and the sample alignment system contributes to research and benefits on various 

levels, including rapid and accurate diffraction mapping of the samples with the sub-micron 

resolution at multimegabar pressures. 

 

 Introduction 
 

Exploration of systems subjected to high-pressure conditions using a combination of 

various pressurizing devices and a great number of sensing techniques enables great progress in 

the fields of geo- and planetary-sciences, material science, solid-state physics and chemistry. In 

particular, the diamond anvil cell (DAC), where two opposing anvils compress the sample, has 

been widely used for the characterization of samples in single crystalline form up to 2 Mbar 

(Khandarkhaeva et al., 2020) and powder at multiple Mbars (Dorfman et al., 2012; Dubrovinskaia 

et al., 2016; L. Dubrovinsky et al., 2015; Tateno et al., 2010). More recently, newly developed 

DAC designs such as the toroidal anvils (Dewaele et al., 2018; Jenei et al., 2018; McMahon, 2018) 

and the double stage DAC technique (Dubrovinskaia et al., 2016; Dubrovinsky et al., 2015; 

Dubrovinsky et al., 2012) have reached pressures up to 0.6 and 1 TPa, respectively. In addition, it 

has become apparent that the new synthesis products in high-pressure chemistry experiments can 

only be evaluated efficiently if one can map and effectively isolate the grain of interest from the 

surroundings, e.g. unreacted precursor material, pressure medium, other products of synthesis. 

Thus, one of the major challenges of structural studies at conventional and ultra-high 

pressures is the reduction of sample sizes, which often requires probes with very X-ray small beam 

size and high flux. As X-ray diffraction is the most critical and one of the most powerful probes, 

the demand for sub-micron X-ray diffraction capabilities has increased significantly over the last 
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decade. Developments at large scale facilities are at the forefront of the state-of-art studies 

employing small beams and enable the determination of crystal structures and their evolution at 

extreme conditions, using either single crystals (SCXRD), e.g. (Bykov et al., 2019; Bykova et al., 

2016; Friedrich et al., 2020; Laniel et al., 2020) or powders (PXRD) (Anzellini et al., 2019; 

Errandonea et al., 2020; Kawamura et al., 2002).  

Review of the available literature shows that in comparison to powder diffraction 

techniques, high pressure SCXRD often provides a more reliable pathway for an accurate and 

precise structure solution, though the process of data acquisition can be more complex. Indeed, 

submicron-size samples, e.g. synthesized in a DAC after a laser heating, have to stay illuminated 

by the X-ray beam upon rotation of ±38º or higher angles. At the same time, the signal of interest 

should not be spoiled by a possible overlay from other phases or grains of the same phase, but of 

different orientations. The centering of micron-sized samples requires the implementation of more 

precise and accurate sample positioning systems at dedicated high-pressure beamlines. Thus, only 

a combination of precise motorization with the sub-micron beam capability of an instrument 

enables successful experiments; significantly improving the quality and usability of the data. 

Here, we report the development of a sub-micron focusing setup at the general-purpose 

experiment table of the beamline P02.2 at PETRA III, DESY, Hamburg, Germany (Liermann et 

al., 2015). The new setup has a sub-micron focusing achieved by compound refractive lenses 

(CRLs) supplemented with a phase plate reducing the spherical aberrations of the CRLs at 

25.6 keV. The implementation of a correcting phase plate is reducing the beam tails at the focal 

spot (Seiboth et al., 2017). This new development significantly improves capability of the 

beamline enabling users to collect data with the beam size at the focal spot of 0.9 x 0.9 µm2 (H x 

V at full width at half maximum, FWHM) and the photon flux higher than that without the 

correcting phase plate. 

In addition, we describe an improved sample positioning system with the implementation 

of a modern air bearing rotation stage operating in a combination with piezo actuator XY stages, 

enabling a spherical confusion on the order of a micron or below and a position accuracy of 0.1-

0.2 μm. We demonstrate the capability of the new setup as an instrument by performing a test 

using micron-size single crystals of CoSb3 and (Mg1.93Fe0.06)(Si1.93,Al0.06)O6 (orthoenstatite) 

prepared by a focused ion beam technique (FIB). Our studies, conducted at pressures above 150 
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GPa, characterize Fe3O4 and Fe-bearing perovskite Mg0.91(2)Fe0.09(2)SiO3 measured in a multigrain 

matrix after their laser-heating in diamond anvil cells. These state-of-the-art examples highlight 

the full potential of the setup with the application to high-pressure crystallographic studies. 

 

Implementation of CRLs and a phase plate 

 

A detailed description of the Extreme Conditions Beamline, P02.2, at the 3rd generation 

light source PETRA III can be found in Liermann et al., (2015). In order to improve the focusing 

capabilities of the beamline, e.g.  2 x 2 μm2 obtained by using a Kirkpatrick-Baez (KB) mirror 

system, 136 2D parabolic Be CRLs with a radius of curvature at their apex of 50 µm and a 

geometrical aperture of 360 μm were installed at around 70.5 m from the source for X-ray 

diffraction experiments at 25. 6 keV. Using the full X-ray acceptance of the CRLs, a focused beam 

of 3 x 1.2 μm2 (H x V) was achieved at a focal distance of 395 mm. Here and below, the values 

are provided for the full width at half maximum (FWHM). In order to achieve a smaller beam size 

at the focal spot, we reduced the incident beam to 50 x 50 μm2 at the position of the high heat load 

slits system (SLT) located in the middle of the beamline at ca. 35 m from the source (just before 

the double crystal monochromator, DCM installed at 40.4 m). Thus, a small central area of the 

incident X-ray beam was used for focusing, resulting in a focal spot of ~0.9 x 0.9 μm2 as 

determined with sharp-edge scans at the sample position (scans of absorbing cylindrical rods of 6 

mm diameter made from hardened steel in horizontal and vertical directions in transmission mode). 

Unfortunately, the size reduction of the incident beam at the position of SLT also resulted 

in a significant loss of the focused beam intensity. In order to improve the photon flux at the focal 

spot, but at the same time reduce the beamsize to sub-micron level, we reduced the spherical 

aberration of the lenses (Celestre et al., 2020; Seiboth et al., 2016) by implementing a customized 

phase plate downstream from the CRLs. Prior to the phase plate production, a stack of 136 lenses 

was pre-characterized at the Hard X-ray Micro/Nano-Probe Beamline P06 at PETRA III via 

ptychography in order to achieve optimal lateral coherence in the horizonal direction at 25.6 keV 

(G. Falkenberg et al. 2020, Seiboth et al., 2020). The calculated radial phase shift compensating  
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Figure 1. The correcting phase plate and its design: (a) the phase shift was quantified for the 136 CRLs at the 

P06 beamline by means of ptychography; (b) corresponding cross-section of a 3D model of the phase plate 

providing appropriate aberration corrections for this specific CRL stack; and (c) SEM image of the phase plate 

produced on a silicon nitride substrate. 

 

for spherical aberrations is shown in Figure 1a. A polymer structure with a height profile that 

matches the necessary phase correction was fabricated by a two-photon polymerization method. 

A cross-section of the three-dimensional model of the phase plate is shown in Figure 1b. The 

structure was created on a silicon nitride membrane with a Nanoscribe™ Photonic Professional 

GT using a “dip-in” lithography mode with a 25x objective (NA = 0.8; numerical aperture). In 

Figure 1c, we show an SEM image of the phase plate tailored to reduce the characteristic spherical 

aberration of the Be CRL-stack used at P02.2.  

Considering the setup of P02.2, the phase plate was placed 29 mm downstream from the 

edge of the lens stack installed into the housing of a V-grooved CRL holder (Lengeler et al., 2005). 

The CRL holder provides an inert He environment protecting the CRLs from oxidation. The phase  
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plate was installed externally. To align the custom-made correcting phase plate to the optical axis 

of the CRL stack in the horizontal and vertical directions, a motorized positioning system  

consisting of 2 MFA-PP micro steppers from Newport was mounted to the CRL V-groove housing. 

A high-resolution scintillator-based Optique Peter™ microscope (PCO.edge 4.2 CLHS camera, 

20x objective, 10 μm thick YAG:Ce scintillator) was used to observe and control the alignment of 

the phase plate (Figure 2).  

The lenses of the CRL stack were numbered during our measurement at P06 and were 

installed at the beamline in the same order. This step is important, since the phase shift of the 

correcting phase plate was calculated for a specific lens configuration. After the CRLs and the 

correcting phase plate alignment, further optimization steps were made in a search of a 

compromise between the photon flux and the beam size at the focal spot. This included iterative 

adjustments of the SLT opening and the tracking of the resulting beam size at the optimal focal 

spot. We measured the latter by means of sharp-edge scans at different focal distances. In the end,  

 

 

Figure 2 Phase plate aligning procedure. The phase plate is located between the CRLs and the microscope 

installed downstream from the focal spot position. (a) Image of a defocused X-ray beam without the phase plate; 

(b) the phase plate is moving in the field of view approaching the central position from the right side; (c) the phase 

plate is centered, the image is produced by subtracting the background, e.g. (a), from the image with the phase 

plate centered. At the final steps of alignment and with the sharp-edge position placed to the position of the optimal 

focus, we make small displacement of the phase plate perpendicular to the incident beam and scan the sharp edge 

in order to achieve the best beam shape. 
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the incident beam size at the SLT had dimensions of ~150 x 150 μm2 and the corresponding 

optimal focal distance was of 400-402 mm (center of CRL stack to the focal point). 

By scanning X-ray beam at the focal spot using an absorbing edge we measure a 

transmission curve with a sigmoidal-like shape which corresponds to an edge-spread function  

 (ESF) (Wang et al. 2016 and the references within). By derivation of ESF we produce a linear 

spread function (LSF) response enabling determination of a focal spot size. In order to assess the 

situation before and after the installation of the phase plate as well as the advantage of using the 

latter, we collected data which is presented in Figure 3. The (a) red line depicts the beam shape at 

the focal spot without the phase plate and with a smaller opening of SLT (50 x 50 μm2), while (b) 

the blue line corresponds to the case with the phase plate installed and a larger opening of SLT  

 

Figure 3 Comparison of the horizontal focal size with (blue data) and without (red data) the correcting 

phase plate. The curves correspond to the derivative signal of the sharp-edge scans, linear spread function (LSF). 

The analysis of the curves confirms the similar size of X-ray beam in the horizontal direction. Given the same 

acquisition time per point, the higher values for the blue data indicate higher flux values for the setup when 

corrected with the correcting phase plate. With the phase plate (blue), one can employ a larger opening of SLT 

installed in front of the DCM position. Implementation of the phase plate enabled higher intensity X-ray beam while 

maintaining a small beam size with similar, or even slightly smaller beam tails, at the focal spot. 
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 (~150 x 150 μm2). Considering the case (a), we add that further SLT opening without installation 

of the phase plate increases the focal spot beyond 1 μm. Raw data for the curves was measured 

using the same pin-diode acquisition time, thus, the installation of the phase plate produced a gain 

with a factor of ~2.2. Comparing (a) and (b), we conclude that a similar focal size in the horizontal 

direction was achieved in both cases, including similar or lower beam tail contribution, but 

installation of the phase plate enabled higher photon flux. 

In one of the final steps, the sample stack position was readjusted in order to bring the 

position of the sample stack rotation axis (controlling the sample-to-detector distance; SDD) to the 

position of the focal spot. Figure 4 illustrates the horizontal and the vertical beam profiles at the 

focal spot used for the measurement of the single crystal data reported below. The optimization of 

the X-ray optical path included the installation of a Pt-based pinhole, ranging from 15-40 μm in 

diameter depending on the application. The photon flux for the “sub-micron” setup at the beam 

position with 40 μm pinhole was measured to be around 3.7∙109
 ph/s using a calibrated passivated 

implanted planar silicon (PIPS) diode. 

The opening of the SLT does have several effects for the X-ray optical path. On one hand, 

it controls the total energy dissipating at the DCM crystals (e.g. heat bump, non-ideal surface of 

 
Figure 4 1st order derivative of sharp-edge scans (LSF) collected during horizontal (left) and vertical 

(right) motors movement. We show the FWHM together with the corresponding error bar estimates. 
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crystals). On the other hand, the closing of the SLT effectively introduces a secondary source. It 

is hard to give a quantitative description of the realistic and non-ideal system, an analysis which 

goes beyond the current publication. However, we note that after further opening the SLT, an 

increase of flux by at least of a factor 3-5 was observed. At the same time the beam size at the 

focal spot increased to 1.3 x 1 μm2 (H x V) FWHM. This option may be of interest to user groups 

working with low Z materials, where the compromise between the illuminating beam intensity and 

the beam size at the focal spot is shifted towards the higher photon flux at the sample position. 

 

Sample positioning system with “sub-micron” resolution 

 

Accurate sample positioning is a crucial aspect of a high-pressure DAC experimental setup. 

Along with the improved focusing, it was necessary to update the existing sample positioning 

system (Liermann et al., 2015). We indicate the new parts in Figure 5. A XY PILine® piezo 

positioning stage (1) and a PIglide® RM air bearing rotation stage (2) were acquired from Physik 

Instrumente™ (PI™) GmbH & Co. They replace the top portion of the standard sample 6-motor 

positioning system (Liermann et al. 2015). In addition, we exchanged the motor (3) controlling the 

position of the rotation axis and moving it in the horizontal plane perpendicular to the X-ray beam. 

It was upgraded through an HPS-170 high-precision linear stage also manufactured by PI. The 

factory characteristics of these positioning units are listed in Table 1. 

As indicated in Figure 5, the sample stack is set up on the kinematic mounting plate. It has 

three cavities matching the three ball point joints mounted on the base granite installed at the 

beamline. After the installation, the kinematic plate is fixed to the underlaying granite by means 

of several M12 screws. The change from a standard setup (also based on the kinematic stage 

approach) to the “sub-micron” configuration takes a few hours, including motor reconnection and 

reconfiguration. Optimal operation parameters of the motors were determined during the 

commissioning, e.g. the XY cross-roller stage were optimized for 0.2 nm reproducibility of 

movement together with PI company representatives. Loading capacities given in Table 1 indicate 

that the “sub-micron” sample stack is not compatible with heavy DAC environments, e.g. a  
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Table 1 Factory characteristics of the individual positioning parts used for the “sub-micron” setup at the 

Extreme Conditions Beamline (ECB). 

(1) XY stage with 

PILine® piezo motors  

- 25 mm × 25 mm travel range 

- 100 nm min. incremental motion 

- 10 nm sensor resolution 

- 7 N drive force, max. load capacity 50N 

(2) PIglide® RM air 

bearing rotation stage  

 

- 150 mm motion platform diameter 

- 50 mm travel length 

- 0.0015 μrad sensor resolution 

- absolute angle-measuring system 

- slot-less, brushless 3-phase torque motor 

(3) HPS-170 high-

precision linear stage 

 

- 170 mm width, 52 mm travel range 

- 50 nm minimum incremental motion 

- stepper motor 

- linear encoder with sin/cos signal transmission 

- optical limit switches 

- 350 N load capacity 

 

Figure 5 A schematic illustration of the “sub-micron” motor sample stack. “DAC” indicates the position 

of a sample mounted in a DAC. For clarity, individual components are represented by different colors and are 

numbered. The corresponding coordinate system employed at the beamline is shown at the bottom of the figure. 

The x-axis is parallel to the X-ray beam direction. The Perkin Elmer XRD1621 detector is shown as reference. 
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vacuum chamber, which is typical for the standard setup. However, the “sub-micron” sample stack 

can easily hold DACs of various popular designs (e.g. symmetric, BX90, Boehler-Almax, etc),  

including a membrane connected to a pressure controller. The positioning of the samples by means 

of the “sub-micron” motor stack is fully integrated into beamline software. It is fully compatible 

with our standard setup (e.g. synchronization of sample positions by means of offline and online 

microscopes available for the users). Below we discuss the performance of the “sub-micron” 

instrument setup from a user’s perspective with several examples of single crystal studies at 

ambient and high-pressure conditions. 

 

Performance of the “sub-micron” experimental setup with samples at ambient conditions 

 

Two single crystals with different absorption length (high and low Z) were used to test the 

accuracy and the precision of the sample positioning system: orthenstatite 

(Mg1.93,Fe0.06)(Si1.93,Al0.06)O6, Pbca, a = 18.2391(3), b = 8.8117(2), c = 5.18320(10) Å), and CoSb3 

(Im3̅, a = 9.0357(3) Å) measured at Bayerisches Geoinstitute using the 8-position centering 

procedure (Angel & Finger, 2011). Both materials are stable at ambient conditions and have large 

unit cells that produce a considerable number of reflections, which is ideal for testing. 

Tiny single crystals of orthoenstantite and CoSb3 were prepared using a focused ion beam 

(FIB, FEI™ SCIOS Dual beam) instrument located at DESY NanoLab. The pre-cut single 

crystalline lamellas were reduced to smaller size with lateral dimensions of 2-4 μm (Figure 6). 

These grains were transferred by means of a Microsupport™ Axis Pro micromanipulator into 

DACs used as sample holders and ensuring sample safety during transportation. We employed a 

Re gasket with a ~10 μm thickness indented by 40 μm culet diamond anvils of Boehler Almax 

design. These test crystals were measured at ambient conditions. 

Single crystal samples were measured using a Perkin Elmer XRD1621 amorphous silicon 

detector bonded to a CsI scintillator. During the data acquisition, the crystals were rotated by ±32º 

and ±38º with a step size of 0.5º for CoSb3 and orthoenstatite, respectively. The wavelength of the 

X-ray beam was tuned to 0.4830 Å (25.67 keV). Alignment of the sample to the center of the “sub- 
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micron” motor stack rotation was performed with the help of X-ray transmission scans. We 

used the CoSb3 absorption signal as a reference, while in the case of orthoenstatite (separate DAC, 

low Z material) we had to use the absorption signal from a thin gasket and then locate the 

orthoenstatite crystal using a visible light microscope of the beamline. 

Data were processed using the CrysalisPro software package (Rigaku Crysalis Pro v. 

171.40, 2020), including the SCALE3 ABSPACK routine for empirical absorption correction and 

conventional single crystal data treatment. The output of the program demonstrates the exceptional 

sample stability during the data collection of CoSb3 (Figure 7). A minor deviation was detected 

in the case of the orthoenstatite sample, and we attribute it to the difficulty of sample centering for 

this poor X-ray scattering material. 

Structure solution and refinement were conducted using OLEX2 (Dolomanov et al., 2009) 

with the SHELX backend (Sheldrick, 2008, 2015) and the JANA2006 package (Petricek et al., 

2006). The refinement parameters and the corresponding structural information are summarized 

in Table 2. Additional information, including CIFs, is provided in the supplementary materials. 

Illustrations of the crystal structure in Figure 8 were prepared with the CrystalMaker software 

(Palmer, 2014). 

 

Figure 6 SEM images produced by the SCIOS Dual beam FIB of the NanoLab. (a) Prepared pieces of 

orthoenstatite and (b) CoSb3 single crystals.  
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The data quality reported in Table 2 is exceptional and in very good agreement with the 

literature data, even though the energy of the X-ray beam was very low (25.67 keV) which 

significantly limits our access to the reciprocal space due to the finite aperture of DACs. Future 

developments and enhancements expected for diffraction limited storage rings (DLSR) such as the 

ESRF-EBS, APS-U and PETRA-IV, will boost these types of studies. Considering the ECB at 

PETRA III, the upgrade to PETRA-IV (Schroer et al., 2019) promises improved capabilities. The 

upgrade will result in photon flux improvement at all photon energies interesting for high-pressure 

research and in combination with sub-micron focusing it will exceed the capabilities of the 3rd 

generation sources. 

 

Figure 7 Output of SCALE3 ABSPACK empirical absorption correction routine of Rigaku™ CrysalisPro. 

It indicates the amount of scaling which had to be applied on each frame in order to compensate the intensity 

mismatch between different Friedel equivalents. Each frame corresponds to a physical angle with a step size of 

0.5º per frame. (a) Flat red line with 2∙σ=1.2 % is attributed to an average value of 1.011 (grey dashed line). It 

indicates the excellent stability of the CoSb3 sample with respect to the X-ray beam during single crystal data 

acquisition. (b) Our analysis shows that the orthoenstatite single crystal was slightly moving out of the X-ray beam 

in the angular range corresponding to the frames # 0-20. We consider that the centering procedure involving the 

gasket absorption profile combined with visible light observations was not perfect enough. The difference with 

point scatter between the red and the blue lines can be attributed to the difference of scattering factors. For (a) we 

had to use 50 µm Pt absorber foil in order to reduce the intensity of the diffraction signal coming from the sample. 

A much stronger scattering of CoSb3 in comparison to ortho-enstatite is the reason for noise difference between 

the red and the blue curves. 
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Table 2 Details of the crystal structure refinements of test samples orthoenstatite 

(Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 and CoSb3. Atomic displacement parameters of cations were refined with 

anisotropic approximation. For additional information about crystal structures and refinement parameters 

we refer to the supplementary materials (CIFs). 

Crystallographic data  

Chemical formula (Mg1.94Fe0.067)(Si1.93Al0.067)O6 CoSb3 

Mr 202.9 424.2 

Crystal system, space group Orthorhombic, Pbca Cubic, Im3 

Temperature (K) 293 293 

a, b, c (Å) 5.1815 (2), 18.2321 (11), 8.8085 (5) 9.0360 (1) 

V (Å3) 832.14 (8) 737.78 (1) 

Z 8 8 

Radiation type Synchrotron, λ = 0.483 Å Synchrotron, λ = 0.483 Å 

µ (mm−1) 0.44 8.83 

Crystal size (μm3) 4 × 4 × 2 3 × 3 × 2 

Data collection 

Diffractometer Single circle (ω) diffractometer 

Absorption correction Multi-scan. CrysAlis PRO 1.171.40.67a (Rigaku Oxford Diffraction, 

2020) Empirical absorption correction using spherical harmonics, 

implemented in SCALE3 ABSPACK scaling algorithm. 

Tmin, Tmax 0.824, 1 0.888, 1 

No. of measured, independent 

and 

observed [I > 2σ(I)] reflections 

1072, 454, 409  490, 133, 121  

Rint 0.017 0.016 

(sin θ/λ)max (Å−1) 0.652 0.645 

Refinement 

R[F2 > 2σ(F2)], wR(F2) 0.025, 0.039 0.012, 0.043 

No. of reflections 454 133 

No. of parameters 61 9 

Δρmax, Δρmin (e Å−3) 0.58, −0.62 1.28, −1.03 
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Applications to materials compressed above ~150 GPa in laser heated diamond anvil 

cells 
 

A successful crystallographic solution for the test cases described below would not be 

possible with our standard motor setup. The implementation of the new motorization enabled more 

accurate and reproducible sample positioning in 3D space, including sample positioning at the 

center of rotation of the highly accurate rotation stage. Due to the improvements of the 

motorization and the implementation of the correcting phase plate, which reduces the overload of 

the sample signal in the reciprocal space, the resulting user experience was greatly improved, 

especially from the data quality point of view. Each of the described cases represents an important 

challenge for various fields of science, such as crystal chemistry, mineral physics or planetary 

sciences, etc. 

Iron oxides are closely related to planetary evolution (Bykova et al., 2016; Dobson & 

Brodholt, 2005), but also play a significant role in thermal energy storage as indicated in various 

studies (Grosu et al., 2017; Huang & Xu, 2019). High-pressure high-temperature treatment of the 

Fe-O system at elevated pressures induces various phases and structural transformations. Below 

we report on the observation of the Pnma phase of Fe3O4 at ~200 GPa. The starting material, α-

Fe2O3 (hematite), was loaded in the sample chamber of a BX90 diamond anvil cell (Kantor et al., 

2012) together with Ne as the pressure transmitting medium (Kurnosov et al., 2008). The starting 

material was laser heated at the Bayerisches Geoinstitut using a laser heating system recently 

developed by Fedotenko et al. (2019). It was is a pulsed laser heating system operating in 

continuous mode (NIR laser beam, 1070 nm, 5 µm at FWHM in diameter). Pressure was measured 

using the equation of state of Ne (Y. Fei et al., 2007). Single crystal datasets were collected using 

the Perkin-Elmer XRD1621 detector with a wavelength of 0.483 Å. The complete description of 

the structure of Pnma Fe3O4 observed at 200 GPa, including a CIF, is provided in the 

supplementary materials. The small X-ray beam size was crucial as it constrained the number of 

illuminated grains and the overlay of scattered intensity in the reciprocal space originating from 

various sources of the high-pressure environment.  

The laser heating of the compressed hematite produced a polycrystalline mixture. Analysis 

of 2D scanning map data of the laser heated area indicated several larger single crystal grains that 

are potential candidates for structural solution. The indexing of the reflections belonging to two  
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Table 3. Detailed information of the crystal structure refinements of oP-Fe3O4 and 

Mg0.91(2)Fe0.09(2)SiO3 performed on laser heated samples at ultra-high pressures. Samples were measured at 

ambient temperature after a laser heating procedure. For additional information about crystal structures and 

refinement parameters we refer to the supplementary materials (CIF). 

Crystal data  

Chemical formula Fe3O4 Mg0.91(2)Fe0.09(2)SiO3 

Pressure (GPa) ~200 ~155 

Mr 231.5 103.3 

Crystal system, space 

group 

Orthorhombic, Pnma Orthorhombic, Pbnm 

Temperature (K) 293 293 

a, b, c (Å) 7.932 (10), 2.5881 (13), 8.321 (3) 4.194 (2), 4.525 (1), 6.1910 (1) 

V (Å3) 170.8 (2) 117.49 (6) 

Z 4 4 

Radiation type Synchrotron, λ = 0.483 Å Synchrotron, λ = 0.483 Å 

µ (mm−1) 7.97 0.98 

Crystal size (μm3) 1 × 2 × 1≌ 2 × 2 × 2≌ 

Data collection  

Diffractometer Single circle (ω) diffractometer 

Absorption 

correction 

Multi-scan. CrysAlis PRO 1.171.40.67a (Rigaku Oxford Diffraction, 2019) Empirical 

absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK 

scaling algorithm. 

Tmin, Tmax 0.559, 1 0.664, 1 

No. of measured, 

independent and 

observed [I > 2σ(I)] 

reflections 

195, 105, 88  106, 56, 53 

Rint 0.029 0.008 

(sin θ/λ)max (Å−1) 0.643 0.607 

 

Refinement  

R[F2 > 2σ(F2)], 

wR(F2) 

0.071, 0.075 0.041, 0.114 

No. of reflections 105 56 

No. of parameters 22 13 

Δρmax, Δρmin (e Å−3) 2.04, −1.8 0.51, −0.54 

≌ - approximate size based on X-ray diffraction 2D mapping 
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Figure 8 The crystal structure of Pnma Fe3O4 formed after laser heating at 3000-3500 K. The structure is 

composed of layers of distorted octahedrons (Fe1 and Fe3 sites) which are interconnected through the capped 

trigonal prisms (Fe2 sites). The structure solution converged to R(F2)=7.1%; wR(F2)=7.5 % using reflections with 

an intensity I > 2σ(I). We indicate the individual building blocks and the corresponding Fe-O bonds. To the right 

we show a projection of the structure along the b axis providing a clear indication of edge sharing of the 

corresponding building blocks and an overview of the Fe-O framework. 

 

strongly scattering Pnma Fe3O4 (oP-Fe3O4) domains was identified after a careful inspection of 

the reciprocal space using the CrysAlisPro software. A more detailed description of the process is 

provided in the supplementary materials. The lateral size of the domains within the 2D map did 

not exceed a couple of microns. The integration of intensities for the most strongly scattering 

domain converged with Rint=2.9 %. The structure was solved and refined based on 195 measured 

reflections for 22 refined parameters with R1=7.1% (Table 3). The structure of oP-Fe3O4 contains 

two different octahedrally coordinated positions of iron atoms (Fe1 and Fe3) with the Fe-O bond 

distance varying between ~1.70-1.80 Å (Figure 8). The distorted octahedra share edges and form 

ribbons, two enantiomorphic ribbons are joined with each other, hinging together along lines of 

the shared oxygen parallel to the c-axis. The Fe2 atom is surrounded by seven oxygen atoms with 

a Fe-O distance variation of ~1.86-1.91 Å. Its coordination can be considered as a capped trigonal 

prism. The structure of novel oP-Fe3O4 belongs to the Yb3S4 structure type (Chevallier et al., 
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1967). It is common for warwickites, mixed metal borates of the general formula AxT4-xB2O8, 

where A and T are alkaline earth, lanthanide, or transition metals (Matos et al., 1996). 

Charge balance considerations suggest that the Fe1 and Fe3 sites are occupied by Fe3+. Our 

analysis of the Fe1-O and Fe3-O distances supplemented by the analysis of the octahedron sites 

volumes reveals that the Fe1 and Fe3 atoms are in the low spin state (Vasiukov, 2018). The Fe2 

site is attributed to Fe2+. It is clearly larger in comparison to the Fe1 and Fe3 sites. We suggest that 

the spin configuration of Fe2 should be also attributed to the low spin. However, due to the 

deformation of the crystallographic site we cannot fully exclude the possibility of an intermediate 

spin state configuration. The precise characterization of the iron atoms’ electronic state in oP-

Fe3O4 and the exploration of its phase diagram requires further investigation. 

The Mg-Si-O system is equally if not more important than Fe-O for our understanding of 

the Earth and other planetary environments. In addition to the example of the Fe3O4 system, we 

show a full structure solution and a refinement of excellent quality Fe-bearing bridgmanite 

Mg0.91(2)Fe0.09(2)SiO3. The data was obtained after laser heating and collected at the pressure of 

~155 GPa (Ne pressure scale, Y. Fei et al. 2007). Accurate measurements of the physical properties 

of bridgmanite and post-perovskite, including density as a function of pressure, temperature, and 

composition, have always been a focus of solid-earth investigations. The studies continue with a 

doubled effort today involving static and dynamic compression methods (e.g. Y. Fei et al., 2021). 

However, information characterizing the density alone can rightfully be considered insufficient. 

It must be supplemented with a thorough understanding of the crystal structure, its 

evolution and perturbation. Here, ultra-high-pressure studies of the Mg-Si-O system by means of 

single crystal X-ray diffraction represent a very specific, but very important challenge. Most 

experimental difficulties could be tracked down to low scattering volumes of submicron-sized 

samples, but they become even more severe due to the low atomic scattering factor in the case of 

the Mg-Si-O system. Using the example of bridgmanite laser heated to 2500-3000 K, we 

demonstrate the power of the new sub-micron setup at P02.2 enabling structural studies of 

chemically complex systems at ultra-high pressures, even those containing mostly light elements 

in their composition (e.g. Mg, Si, O). As we show in Table 3, the final refinement of the structural 

model converges with the very low R-factor of R1=4.11 % based on 106 measured reflections and 

13 refined parameters. 
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Conclusions 
 

By applying the most recent technical developments, within the capabilities of PETRA III, we 

report an upgrade of the existing high-pressure micro X-ray diffraction instrument at P02.2. The 

upgrade involves the modification of the X-ray optical path and the implementation of a phase 

plate correcting the spherical aberration of the CRLs implemented at P02.2 s in the combination 

with the new, more accurate and precise motorization of the sample stack. 

Within our test studies conducted at ambient and pressure conditions exceeding 1 Mbar, we 

demonstrate the pressing issues faced in the high-pressure science and present a solution 

addressing the challenges of single crystal refinement from grains of micron to sub-micron 

dimensions. We describe the ‘synthetic’ examples of orthoenstatite and CoSb3 measured inside the 

DACs at ambient conditions and extend our studies to the scientific cases exploring the crystal 

structures of Fe3O4 and Mg0.91(2)Fe0.09(2)SiO3. The structures of the latter materials were 

successfully solved at pressure conditions exceeding 1 Mbar even though the data acquisition and 

analysis processes were highly challenging, e.g. complicated by sample finding and signal 

extraction from micron-size polycrystalline aggregate. The real case studies of Fe3O4 and 

Mg0.91(2)Fe0.09(2)SiO3 demonstrate the capacity of the current instrument upgrade. We hope that our 

study will inspire the high-pressure community and further developments at dedicated high-

pressure beamlines extending the capabilities of the latter and driving high-pressure sciences 

beyond the boundaries of the commonly explored P-T space. 
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Abstract 
 

Magnetite, Fe3O4, is the oldest known magnetic mineral and archetypal mixed-valence 

oxide. Despite its recognized role in deep Earth processes, the behavior of magnetite at extreme 

high-pressure high-temperature (HPHT) conditions remains insufficiently studied. Here we report 

on single-crystal synchrotron X-ray diffraction experiments up to ~80 GPa and 5000 K in diamond 

anvil cells, which reveal two previously unknown Fe3O4 polymorphs, -Fe3O4 with the 

orthorhombic Yb3S4-type structure and -Fe3O4 with the modified Th3P4-type structure. The latter 

has never been predicted for iron compounds.  The decomposition of Fe3O4 at HPHT conditions 

was found to result in the formation of exotic phases, Fe5O7 and Fe25O32, with complex structures. 
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Crystal-chemical analysis of iron oxides suggests the high-spin to low-spin crossover in 

octahedrally coordinated Fe3+ in the pressure interval between 43 and 51 GPa. Our experiments 

demonstrate that HPHT conditions promote the formation of ferric-rich Fe-O compounds, thus 

arguing for the possible involvement of magnetite in the deep oxygen cycle. 

 

Introduction 
 

Transition metal (TM) mixed valence compounds are in focus of active fundamental and 

applied research in solid state physics, chemistry, and materials sciences. A number of important 

phenomena, like high-TC superconductivity in doped copper-oxides1, superconductivity in iron-

based materials2 , and the giant magneto-resistance effects in doped manganese oxides3, have been 

discovered in TM complex oxides. Iron, an archetypal transition metal, is the most widespread TM 

element, contributing ~35% in mass to Earth's composition. Its chemistry (and geochemistry) is 

critical for understanding of processes of formation of Earth (and super-Earths), dynamics of core 

and mantle, formation and evolution of atmosphere, origin of life and development of biosphere.  

 Recent studies discovered a variety of complex Fe-O compounds with unusual crystal 

structures and intriguing properties, formed at moderate pressures and temperatures (Fe4O5
4,5, 

Fe5O6
6,7, Fe5O7

8, Fe6.32O9
9, Fe7O9

10, Fe7O10
9, Fe13O19

11, Fe25O32
8
, FeO2

12,13). Magnetite (Fe3O4) 

attracts continuous attention and many aspects of its behavior at variable temperatures and 

pressures remain puzzling. At ambient conditions, magnetite adopts an inverse spinel structure 

(Figure. 1a) with Fe3+ ions in tetrahedral sites and a mixture of the Fe3+ and Fe2+ ions in equal 

proportion in the sites with octahedral oxygen coordination14 (Figure. 1a). At ambient conditions 

magnetite is semi-metal, but upon cooling below ∼125 K it undergoes a phase transition into the 

insulator state (discovered by Verwey in 1939)15. As Fe3O4 contains Fe2+ and Fe3+ ions, its high 

electrical conductivity at ambient conditions and insulator state below the Verwey transition 

temperature was attributed16 to the charge transfer or ordering, respectively. Only recently, more 

than 70 years after Verwey’s discovery, the elusive charge-ordering pattern in the low-temperature 

phase of Fe3O4 was solved using single-crystal X-ray diffraction, and the charge ordering in 

magnetite was found to involve formation of trimerons17,18. The same effect was observed recently 

for high-pressure phases of Fe4O5
5 and  Fe5O6

7; in the latter, the Verwey-type transition was found 
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at atmospheric pressure and temperature close to ambient  that opens perspectives for its practical 

applications. 

 Due to its importance as geomaterial and as typical example for TM oxides, Fe3O4 was 

intensively investigated at high pressures. Upon compression  up to ~25 GPa at room temperature, 

magnetite (further also called α-Fe3O4) undergoes structural phase transition to a “post-spinel 

phase” (sometimes also called “HP-Fe3O4”, which we designate further as -Fe3O4, (Figure. 1b))19. 

The transition is associated with significant changes of magnetic and electrical properties20–22. 

Kinetics of the phase transition strongly depends on temperature23–25 (Figure 4). Decades of highly 

controversial history of structural studies of -Fe3O4 ended up with the general consensus that the 

phase adopts the CaTi2O4-type structure8,26–28 (Figure 1b, 2a). Yet another phase transformation of 

-Fe3O4 upon laser heating (between approximately 1500 to 2000 K) at pressures from 64 to 73 

GPa was reported28,29. Powder diffraction data were interpreted as formation of an orthorhombic 

phase with the CaFe2O4-type structure (Figure 2b). However, assignment of a space group and 

interpretation of the diffraction data remain ambiguous and call for further investigations. 

The stability of -Fe3O4 at high pressure is a widely debated problem. It is especially 

important due to (at least) two reasons: (a) buffers involving magnetite (or its high-pressure 

polymorphs) are expected to control many processes in Earth’s interiors, including diamonds 

formation23,30; (b) magnetite (together with hematite and some other iron-bearing minerals) is a 

major component of banded iron formations (BIFs) which, as  believed,  have been subducted into 

Earth’s mantle and may thus play a significant role in the planetary oxygen cycle8,31. Lazor et al.32 

predicted breakdown of Fe3O4 into FeO and Fe2O3 at ~50 GPa based on thermodynamic 

calculations. It was noted that at these conditions -Fe3O4 has lower density than the sum of 

volumes of cubic FexO and Rh2O3-II-structured ι-Fe2O3
32. However, justification of this hypothesis 

is strongly dependent on equations of state used for volume determination of relevant phases and 

exact composition of FexO component. Moreover, in the case of ferric spinels, like Fe3O4, this 

scenario could be inconclusive due to partial reduction of Fe3+ to Fe2+ during the high-pressure 

high-temperature treatment26. Indeed, according to a recent report4, laser heating of Fe3O4 at ~80 

GPa and 2950 K leads to the formation of Fe25O32, a phase, containing more ferrous iron than the 

starting material8. Summarizing the brief overview of the state-of-the-art, there are two main 

problems associated with the behavior of Fe3O4 at high-pressures and high-temperatures: (a) not 

all possible phases of Fe3O4 as well as their crystal structures (and crystal chemistry) are 
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established, and (b) chemical stability of the oxide is insufficiently studied, as PT conditions of its 

decomposition and products of reactions have not been fully characterized. Here we report the 

results of high-pressure high-temperature studies of Fe3O4 at pressures ~80 GPa and temperatures 

up to 5000 K performed in a laser-heated diamond anvil cell (LHDAC). Based on single crystal 

X-ray diffraction (SCXRD) data we established crystal structures of two different high-pressure 

Fe3O4 polymorphs, including one with the modified Th3P4-type structure, never before predicted 

or considered for iron oxides.  

We found that Fe3O4 undergoes a series of structural and chemical transformations in the 

studied pressure range at temperatures above ~2400 K. Our data shows that Fe3O4 demonstrates 

rich structural polymorphism: different structures are built of infinite octahedral ribbons comprised 

of the different number of adjacent rows of FeO6 octahedra. Crystal-chemical analysis of Fe3O4 

polymorphs, Fe5O7, and Fe25O32 (the last two compounds are products of decomposition of the 

starting Fe3O4 material) reveals signatures of high-spin-to-low-spin crossover in octahedrally 

coordinated iron in some of the phases with a significant Fe3+ content at pressures between 43-51 

GPa. Our experiments suggest involvement of magnetite in the deep oxygen cycle and promotion 

of the formation of ferric-rich compounds at high pressures and temperatures (potentially even in 

the presence of pure iron). 

The paper is organized as follows: first, we describe novel phases of Fe3O4; then we report 

observations on phase relations and chemical transformations of Fe3O4 at high pressures and 

temperatures; later we consequently discuss crystal-chemistry of novel iron oxides, the spin state 

of iron, chemical stability of Fe3O4, and possible implications of our findings for solid state 

physics, chemistry, and geosciences. 

 

Experiment 
 

Sample preparation. Single crystals of magnetite Fe3O4 (Fd3̅m) were grown by means of 

HPHT technique at 9.5 GPa and 1100 °C in a 1200-t Sumitomo press at Bayerisches Geoinstitut 

(BGI, Bayreuth, Germany). Single crystals with an average size of 0.01ˣ0.01ˣ0.005 mm3 were 

preselected on a three-circle Bruker diffractometer equipped with a SMART APEX CCD detector 

and a high-brilliance Rigaku rotating anode (Rotor Flex FR-D, Ag-Kα radiation) with Osmic 
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focusing X-ray optics. Selected crystals were loaded into BX90-type DACs33. Neon, served as a 

pressure transmitting medium, was loaded at~ 1.2 kbar using the high-pressure gas-loading setup, 

installed at BGI34. The sample was laser heated from both sides using a tightly focused NIR laser 

beam (1070 nm, 5 µm FWHM in diameter) in a continuous mode during 3-5 seconds at 

temperatures of 2700(200) K and 4800(300) K35. 

Synchrotron X-ray diffraction. The single-crystal X-ray diffraction experiments were 

conducted on the Extreme Conditions Beamline P02.2 at PETRA III, Hamburg, Germany 

(PerkinElmer XRD1621 flat panel detector, wavelength λ=0.2895 Å, beam size ~1.5×1.7 μm2); on 

the 13-IDD beamline at the Advanced Photon source (APS), Chicago, USA (λ = 0.2952 Å, beam 

size ~3 × 3 μm2, Pilatus CdTe 1 M detector). For the single-crystal XRD measurements DACs 

were rotated around a vertical ω-axis in a range ±38˚. The diffraction images were collected with 

an angular step Δω = 0.5˚. 

Data analysis. In case of powder diffraction studies, calibration of instrument model and 

integration of diffraction patterns were made in the DIOPTAS36 software using CeO2 powder 

standard (NIST SRM 674b). Integrated patterns from powder XRD experiments were processed 

using the Le Bail technique implemented in JANA200637 software. X-ray diffraction imaging of 

the sample chamber was reconstructed using XDI38 program. In case of SCXRD, integration of 

the reflection intensities and absorption corrections were performed in CrysAlisPro software39. A 

single crystal of orthoenstatite (Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 (space group Pbca, a=8.8117(2) Å, 

b=5.18320(10) Å, c=18.2391(3) Å) was used as calibration standard for refinement of the 

instrument model of the diffractometer. Detailed information of integration parameters as well as 

about the data reduction output files and indicators of the XRD data quality are given in ref.40. The 

crystal structures were solved using SHELXT41 or superfilp method in JANA2006 and 

Olex237,41,42. Crystal structures were refined by least-squares minimization of adjustable 

parameters. We performed anisotropic refinement of atomic displacement parameters only for Fe 

atoms due to limited dataset collected in DAC. Reflections coming from parasite diffraction 

produced by diamonds and crystallized pressure media were eliminated during the refinement 

procedure. The “Diamond” software43 was used for the visualization of molecular graphics. 
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Results 
 

Novel high-pressure phases of Fe3O4 

Crystal structure of the -Fe3O4 (orthorhombic “post-post spinel”) phase observed at ~80 GPa 

Previous studies reported the formation of a new orthorhombic Fe3O4 polymorph at 

pressures 64-73 GPa upon heating at 1500-2000 K28,29. Indeed, laser heating of Fe3O4 at 2700(200) 

K and 78(1) GPa (Supporting Information Figure S1, Table S1) resulted in formation of the 

orthorhombic phase (space group Pnma, a=8.574(10) Å, b=2.6356(13) Å, c=8.761(3) Å) (Figure 

1c, Supporting Information Tables S2, S3). Our SCXRD data collected at room temperature reveal 

that at 78(1) GPa -Fe3O4 crystalizes in a structure which is different from the previously proposed 

CaFe2O4-type (Figure 2b). In -Fe3O4 two iron atoms, Fe(1) and Fe(3), have octahedral oxygen 

environment with average <Fe-O> distances ~1.84 Å and  ~1.83 Å, respectively (Figure 3a, 

Supporting Table S4). Considering the shape of the polyhedra and interatomic distances, the Fe(1) 

and Fe(3) atoms may be identified as low-spin ferric8,13. The Fe(2) atoms, identified as ferrous, 

occupy capped trigonal prisms where one of the oxygen atoms is slightly further away than the 

other six (~2.02 Å versus ~1.97 Å at 78(1) GPa) (Figure 3a, Supporting Table S4). The distorted 

octahedra share edges to form “ribbons”, which are one octahedron thick and four octahedra wide 

(Figure 2c). Ribbons are linked to each other by a and n glides in [001] and [100] directions, 

respectively. The structure of orthorhombic -Fe3O4 belongs to the Yb3S4 type44. 

Crystal structure of tetragonal -Fe3O4 phase observed at ~80 GPa  

Laser heating of Fe3O4 up to 4800(300) K at 78(1) GPa was conducted at BGI (Bayreuth, 

Germany) (Supporting Information FigureS1, Table S1). The approximate duration of heating was 

~10-15 seconds. X-ray diffraction data collected on the temperature quenched material at the P02.2 

extreme condition beamline at PETRA III (DESY, Hamburg, Germany), reveal a tetragonal unit 

cell with the lattice parameters a=5.8648(1) Å and c=5.948(2) Å (Figure 1d, Supporting 

Information Table S2). For the crystalline domains of the best quality, the inspection of systematic 

absences (Supporting Information Figure S2a) suggests a body-centered unit cell. Integration of 

the data, collected from one of the single-crystalline domains, resulted in a dataset containing 403 

reflections with I > 2σ(I) and Rint=3.3%. Structure solution and refinement in the I4̅2d space group 

gave Fe3O4 stoichiometry with R1=8.8% in an anisotropic approximation for Fe atoms. Inspection  
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Figure 1. Crystal structures of iron oxides observed in the present study. (a) α-Fe3O4, magnetite (inverse 

spinel type of structure, space group Fd3̅m); (b) -Fe3O4 (CaTi2O4-type, space group Cmcm); (c) -Fe3O4 (Yb3S4-

type, space group Pnma); (d) δ-Fe3O4 (Th3P4-type, space group I42d) (e) Fe5O7; and (f) Fe25O32. The structure 

type (if known) and the space group are notated under the structure drawings. Different kinds of iron polyhedra 

are shown in different colors: light turquoise color designates FeO4 tetrahedra; FeO6 octahedra are shown by 

brown color; FeO6 trigonal and FeO7 caped trigonal prisms are designated by citron color; FeO8 diagonal 

gyrobianticupola and snub disphenoids in the crystal structure of δ-Fe3O4 are represented by green and orange 

color, respectively.  

 

of the diffraction data from other single-crystalline grains revealed the reflections with indexes 

violating I-centering (Supporting Information Figure S2b). Although the number of such 

reflections, forbidden for the I-centered lattice, is small (within ~5-8% of all) and they all are of 

low intensities. For the domains of the best quality,  it is still possible to solve and refine the 

structure in P4̅ space group (to R1=13.7%), and confirm the Fe3O4 stoichiometry of this phase. 

Fractional atomic coordinates resulted from SCXRD refinements are summarized in the 

Supporting Information Tables S5 and S6 for I4̅2d and P4̅  space groups, respectively. It is 

possible that I4̅2d and P4̅  phases are indeed two different tetragonal Fe3O4 phases, as in a laser- 
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Figure 2. Arrangement of octahedra in crystal structures of three orthorhombic high-pressure Fe3O4 

polymorphs: (a) -Fe3O4, CaTi2O4-type, space group Cmcm 26,27, (b) hypothetic CaFe2O4-type, space group 

Pnma28,29, and (c) γ-Fe3O4, Yb3S4-type, space group Pnma. FeO6 octahedra are brown, green balls are iron atoms 

located in channels formed by octahedra, small red dots are oxygen atoms.  

 

heated DAC various sample spots could be heated differently. The phase with body-centered unit 

cell (I4̅2d) appears upon heating at relatively low temperatures (~2400-2800 K), and another, 

which has more distorted primitive unit cell (P4̅ - after heating at temperatures above ~4500 K 

(Supporting Information Table S1). Anyway, further on, we will designate the tetragonal iron 

oxide as -Fe3O4.  

Prolonged (of about an hour) laser heating of Fe3O4 at about 3800(500) K at 78(2) GPa 

leads to formation of an even more distorted monoclinic phase (space group I2). SCXRD data, 

collected for this phase are not of sufficient quality to solve and refine its structure, but the lattice 

parameters were refined based on powder XRD data collected on the temperature-quenched 

sample and are equal to a=6.103(1) Å, b=5.787(1), c=5.958(1) Å, β=91.73(1)˚, and V=210.33(1) 

Å3 at 78(1) GPa (Supporting Information Figure S3); fractional atomic coordinates of the model 

used for Le Bail fit of powder XRD data are given in Supporting Information Table S7. Notably, 

that the unit cell volume of the monoclinic phase is significantly higher than of tetragonal δ-Fe3O4, 

210.33(1) Å3 versus 204.34(16) Å3 at 78(1) GPa. It can be associated with a partial reduction of 

Fe3+ to larger-sized Fe2+ that consequently increases the unit cell volume. Thus, this I2-phase is 

designated as δ-Fe3O4-δ. 
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Figure 3. Polyhedral models of the crystal structures of γ- Fe3O4 and δ-Fe3O4 and the environment of 

crystallographically distinct iron atoms in these polymorphs at 78(1) GPa and room temperature. (a) γ-Fe3O4 

with Yb3S4-type (space group Pnma); Fe(1) and Fe(3) atoms are octahedrally coordinated; Fe(2) atom occupies 

capped trigonal prism. (b) δ-Fe3O4 phase with the distorted Th3P4-type structure (space group I4̅2d); two 

structurally distinct iron atoms form FeO8 polyhedra (diagonal gyrobianticupola of Fe(1)O8 and snub disphenoids 

of Fe(2)O8). 

 

 The structure of tetragonal -Fe3O4 is similar to a distorted Th3P4 -type45 (Figure 1d). It is 

composed of two types of polyhedral – triangular dodecahedra FeO8 of different geometry 

(diagonal gyrobianticupolas and snub disphenoids), whereas, in ideal cubic Th3P4, there is only 

one type of polyhedra (Figure 3b). Such building blocks are unusual for Fe-O compounds and 

potentially could be considered as intermediate forms between an octahedron and and a cube46. 

The Fe(1)O8 polyhedra, connected through common edges, form zig-zag chains running along a 

and b directions. The chains are interconnected via Fe(2)O8 triangular dodecahedra, which share 

common faces (Figure 3b). Both of the crystallographically distinct iron atoms are surrounded by 

four oxygen atoms at the distances of ~1.93 Å, and another four - at ~2.12 Å (the distances refer 

to the data at 78(1) GPa), see Figure 3b and Supporting Information Table S8. For the charge 

balance, it would be natural to suggest that Fe(1) (4 atoms per a unit cell) is ferrous, and Fe(2) (8 
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atoms per a unit cell) is ferric. However, the similarity in average Fe-O distances in both polyhedra 

suggests a mixed valence state for Fe in each structural position in δ-Fe3O4. 

 

Phase relations and stability of Fe3O4 

Summarizing our results and previous reports (see references9,23–28,30,47,48), we can list all 

Fe3O4 phases that are known to exist at pressures up to ~80 GPa: α-Fe3O4 (magnetite), -Fe3O4 

with the CaTi2O4-type structure, -Fe3O4 with the Yb3S4-type structure, and -Fe3O4 with the 

distorted Th3P4-type structure.  Figure 4 presents a transformational phase diagram of Fe3O4 based 

on available literature data and the results of the present study.  

The α- Fe3O4 to -Fe3O4 transition was intensively studied (Figure 4)23–26,28,32. Although 

there are minor inconsistencies in reported P-T conditions for this transformation and departures 

from a correct description of the structure of -Fe3O4, there is a consensus that -Fe3O4 exists at 

pressures above ~15 GPa and up to at least 60 GPa in a wide temperature range up to ~2500 K 

(Figure 4). Our experiments have demonstrated the existence of the -Fe3O4 phase at 80 GPa and 

~3700 K (in situ observations). The diffraction data, used to plot the data point for -Fe3O4 at 

~4800 K and ~78 GPa, were collected from a temperature-quenched sample. Remarkably, -Fe3O4 

was synthesized not only by direct heating of pure iron oxide, but also upon laser-heating of 

(Mg0.3Fe0.7)CO3 at ~61 GPa and temperatures above 2200 K (Supporting Information Table 1). In 

an experiment with ferromagnesite as a starting material, at pressures of ~60 GPa, -Fe3O4 co-

exists with β-magnesio-ferrite (Fe2.771Mg0.229)O4 at temperatures up to ~2800 K (Figure 4, 

Supporting Information Table 9). There is no sign of Mg incorporation into the crystal structure 

of -Fe3O4. A comparison of our results with observations reported by Ricolleu and Fei29 suggests 

that the phase boundary between post- and post-post-spinel phases, which they proposed, is, in 

fact, a boundary between the -Fe3O4 and -Fe3O4 phases. 

Apart from phase transformations, we observed also chemical changes of Fe3O4 at P-T 

conditions highlighted by black rectangles in Figure 4. Annealing of Fe3O4 for a few seconds at  
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2400–2800 K and 78(1) GPa leads to the appearance of new sharp spots on the diffraction pattern. 

The new peaks are indexed in the C2/m space group (a=8.646(4) Å, b=2.6183(5) Å, c=7.9508(17)  

Å, β=105.82(4)˚) (Supporting Information Table S10) and the structure solution results in the 

mixed-valence iron oxide with Fe5O7 stoichiometry8. Careful analysis of a 2D XRD map, which 

was collected from the sample area around the heated spot, reveals additional reflections 

corresponding to hcp-Fe (Supporting Information Figure S4). Full-profile analysis (Le-Bail fit) of 

the integrated X-ray diffraction patterns (Supporting Information Figure S4) gives the lattice 

parameters of hcp-Fe to be a=2.3238(8) Å, c=3.7001(5) Å, and V= 17.303(1) Å3, that, according 

to the equation of state reported in ref.49, corresponds to 83(2) GPa. Reflections of hcp-Fe were 

followed on decompression down to 65 GPa (Supporting Information Table S11).  

 

Figure 4. Transformational phase diagram of Fe3O4 summarizing literature data (see references9,23–

28,30,47,48) and the results of the present study (plotted as stars). Grey line is the Earth’s geotherm, as defined 

according to refs. 63,64 Dark blue lines separate the P-T fields of α-Fe3O4 and β-Fe3O4, according to refs.23–26,32. 

Solid red line is a phase boundary between β-Fe3O4 and γ-Fe3O4, determined in ref.29. Pressure-temperature 

conditions, at which different phases observed in this study, are shown by stars with error-bars (uncertainty in 

pressure are within the symbols’ size). Colors of the stars correspond to β-Fe3O4 (green), γ-Fe3O4 (red), and δ-

Fe3O4 (orange). Shared symbols represent coexisting phases. Solid and dotted rectangles show the areas where the 

partial decomposition of Fe3O4 was observed. 
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Heating of Fe3O4 up to 4800(300) K at 78(1) GPa resulted in formation of two phases – 

the monoclinic Fe5O7 described above and the hexagonal Fe25O32 (space group P-62m, a=13.626 

(3) Å, c=2.6598 (7) Å, Supporting Information Table S10). Continuous heating at temperatures 

~3800 K resulted in an increasing amount of transformed material, while the quality of single-

crystal domains of Fe3O4 phases deteriorated rapidly. These observations indicate that Fe5O7 and 

Fe25O32 form in expense of Fe3O4. Bykova et al.8 reported formation of Fe25O32 as a result of 

heating of Fe3O4 at 80 GPa and 2950 K8, which is probably the lowest temperature required for 

the synthesis of Fe25O32 at this pressure. 

Once synthesized, Fe5O7 and Fe25O32 can be decompressed down to ~10 GPa (Figure 5), 

but for Fe25O32 single-crystal XRD data were collected only to ~40 GPa). Resulted pressure-

volume (PV) data (Supporting Information Tables S12, S13) have been fitted with the second order 

Birch–Murnaghan equation of state (see Table 1) with the following parameters: up to 41 GPa - 

V0=230.1(8) Å3, K0=221(9) GPa, and V51GPa=184.4(3) Å3, K51GPa=359(12) GPa for Fe5O7; 

V40GPa=457(1) Å3, K40GPa=322(15) GPa for Fe25O32 and V51 GPa=217.5(6) Å3, K51 GPa=363(22) GPa 

for δ-Fe3O4 (Supporting Information Table S14). 

 

Discussion 
 

Crystal-chemistry of novel iron oxides. The CaTi2O4-type of -Fe3O4 can be considered as derived 

from NaCl (B1) structured FeO by introducing “periodic extended defects” or “mimetic twinning” 

(“chemical”, “unit-cell”, or “non-conservative” twinning in different terminologies) 50. In this 

approach, the structure of -Fe3O4 is a result of regular repeated “twinning” of FeO on the (113) 

plane (twinning operations are reflection and/or rotation around the normal to (113)) (Supporting 

Information Figure S6). The Fe2+ ions are localized in trigonal prisms (or capped trigonal prisms) 

at the “twinning” boundary, and Fe3+ - in chains of paired octahedra (Figure 2a, Supporting 

Information Figure S6). Varying “twinned” fragments and the position of twining element(s) in 

the parent structure, a homologous series of oxides (like Fe4O5, Fe5O7, Fe7O9, etc.) may be 

obtained8. The mimetic twinning results in different “topology” and composition of each phase. 

Remarkably, a comparison of the structures of -Fe3O4 and -Fe3O4 phases shows that re-

arrangement of octahedra and prims may result in numerous polymorphs. As mentioned above, 
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the structure of orthorhombic -Fe3O4 belongs to the Yb3S4 type44 (Figure 2c). Characteristic 

feature of the structure are ribbons of edge sharing octahedra (Figure 1c, 2c), like in warwickites-

type structures51. Ribbons are linked in “parquet” manner (Figure 2c). Assuming that octahedra 

are occupied by ferric iron, and prisms between them by ferrous iron (such distribution of iron 

agrees with observed Fe-O distances in different polyhedra, see above), we end up with the 

expected composition Fe3O4. The same composition may be achieved with “one octahedra 

ribbons” (or simply columns, like in rutile), or with “two octahedra ribbons” (Supporting 

Information Figure S7), etc. In other words, the case of - Fe3O4 and -Fe3O4 indicates that for a 

certain composition an unlimited number of polymorphs is geometrically possible. 

The structure of tetragonal -Fe3O4 is resembling that of the distorted cubic Th3P4
45 (Figure 

1d, 3b): one can be transformed to the other by shift of the origin and axis renaming. In the 

idealized, cubic -Fe3O4 structure, oxygen atoms occupy Wyckoff position 16c with the coordinate 

x~0.06. If x=0, oxygen atoms would form ideal bcc sub-lattice. In spinel-structured magnetite, α-

Fe3O4, oxygen atoms form fcc sub-lattice. Thus, a hypothetic transformation α- Fe3O4-to--Fe3O4 

can be described by diffusionless Bain model52. Notably, transition metal (TM=Ti, Zr, Hf) nitrides, 

(TM)3N4, crystallize in both spinel and cubic Th3P4 type structures, and Th3P4–structured phases 

are higher-pressure polymorphs53,54. Appearance of Th3P4–like high pressure phase(s) for A3X4 

compounds having spinel-type structured phases at lower pressure could be a common pattern. 

Recent prediction46 of the Mg2SiO4 phase with a distorted Th3P4-type structure above 490 GPa fits 

well in this pattern and supports the idea that the chemically simple Fe-O system may serve as 

proxy for understanding the behavior of chemically more complex systems like (Mg,Fe)(Si,Al)2O4 

or (Mg,Fe)(Si,Al)O3 at conditions of super-Earths’ mantles. 

Spin state of iron. One of the most important parameters defining the response of iron-bearing 

compounds to compression is its spin state8,13,28,47,55–58. The best method to characterize the spin 

state of iron in experiments with DACs is synchrotron Mössbauer spectroscopy (SMS, or related 

synchrotron methods like nuclear forward spectroscopy, X-ray absorption spectroscopy, emission 

spectroscopy, and others).  
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 Figure 5. Pressure-volume relations for 

three iron oxides. V is the unit cell volume; Z is 

the number of formula units per a unit cell. Error 

bars are within the symbols’ size. (a) Fe5O7: an 

isostructural spin transition in Fe5O7 between 41 

and 51 GPa is manifested in the sharp reduction 

of the unit cell volume by ~8.1%. Dashed lines 

show the fit of the P-V/Z data using the second 

order Birch–Murnaghan EOS for HS and LS 

Fe5O7 phases. (b) Fe3O4: literature data in 

comparison with the data obtained in the present 

work. Solid lines of different colors indicate 

equations of state of different Fe3O4 phases: dark 

blue - α-Fe3O4, blue – β-Fe3O4, red – δ-Fe3O4. (c) 

Fe25O32: compressional curve does not show any 

sign of spin crossover, at least down to 40 GPa. 

Parameters of second order Birch–Murnaghan 

EOS of δ-Fe3O4, Fe5O7 and Fe25O32 are 

summarized in the Table 1, together with 

literature data for α-Fe3O4 and β-Fe3O4.  
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Unfortunately, the kind of samples that we are dealing with are not really suitable for such 

studies – multi component mixtures of several phases with complex crystal structures, in which 

iron atoms are located in different structural environments, make interpretation of spectra 

ambiguous. However, single crystal diffraction data and crystal chemical considerations permit 

certain conclusions. Indeed, the compressional P-V curve of Fe5O7 (Figure 5) shows ~8.1% 

discontinuity between 43 and 51 GPa, which is characteristic for a spin crossover of Fe3+ in 

octahedral coordination (compare, for example, with Fe2O3 with ~8.4% volume discontinuity at 

~50 GPa8,13). In the structure of Fe5O7 (Figure 1e) there are 3 distinct iron positions– two 

octahedral, occupied by Fe3+, and one in caped trigonal prism occupied by Fe2+, according to ref. 

8. Relative changes in the volume of FeO6 octahedra in Fe5O7 correspond well to the values known 

for other iron-bearing compounds (Figure 6, Supporting Information Figure S8); for example, at 

43 GPa average volume of the octahedra is ~9.6 Å3, and at 78 GPa it is of ~8.1 Å3. However, 

octahedra volumes in Fe5O7 are larger than predicted for pure Fe3+ (Figure 6), indicating a partial 

charge transfer between iron atoms in prismatic and octahedral sites (Supporting Information 

Figure S8). Upon spin crossover, relative volumes of Fe2+O7 caped prisms and Fe3+O6 octahedra 

change significantly (at 43 GPa, a ratio of the FeO7 and FeO6 polyhedra volumes is ~1.27, and at 

78 GPa it is of ~1.33) with a notable difference between octahedra and caped prisms (Figure 6a). 

It indicates a spin crossover rather in ferric, than in ferrous iron in Fe5O7.  

Considering structural data for -Fe3O4 (Figure 3a), one can find that at 78 GPa volumes 

of Fe3+O6 octahedra (8.05 and 8.14 Å3 for Fe(1) and Fe(3), respectively) correspond to ferric iron 

in the low-spin state (Supporting Information Figure S8), while the dimensions of capped prism 

Fe2+O7 (<Fe-O> ~1.98 Å, volume is ~10.80 Å3) point towards high spin Fe2+. In the case of -

Fe3O4, the unusual shape of FeO8 polyhedra (Figure 3b) complicates the determination of the spin 

state of iron, but relatively long Fe-O distances (for comparison, the shortest Fe-O distance in -

Fe3O4 is 1.91 Å, which is significantly larger than the longest 1.84 Å Fe3+-O distance in -Fe3O4) 

and the relatively large unit cell volume (204.3 Å3 for tetragonal -Fe3O4 vs 197.9 Å3 for -Fe3O4) 

indicate that iron is in the high spin state. The compressional curve of Fe25O32 (Figure 5c) does not 

show any sign of a spin crossover.  

Summarizing our observations and those described in the literature (Supporting 

Information Figure S8 and corresponding references), we can suggest that in iron oxides ferrous 
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iron in prismatic oxygen environment does not undergo spin crossover to at least 80 GPa, and 

ferric iron in oxygen octahedra transforms to the low spin state above ~45 GPa if Fe3+/Fe≥~2/3. 

Chemical stability of Fe3O4. So far, data on chemical stability of Fe3O4 at high pressures and high 

temperatures have been highly inconsistent. There are reliable reports on formation of -Fe3O4 

upon decomposition of iron-bearing silicate skiagite48, dehydration of FeOOH9, or transformation 

of different iron oxides30 at pressures of 30 to over 50 GPa and temperatures corresponding to 

Earth’s geotherm. In this work we confirm the stablity of -Fe3O4 at ~50 GPa and ~2500 K and 

formation of this phase upon decomposition of ((Mg0.3Fe0.7)CO3) observed at temperatures from 

1500 K to over 2400 K and ~60 GPa  (Figure 4, Supporting Information Table S1). However, 

above ~75 GPa upon heating of Fe3O4 between ~2000 K and ~3400 K, XRDpatterns show the 

presence of Fe5O7 and hcp-Fe (Supporting Information Table S1, Supporting Information Figure 

S4). The process of chemical decomposition may be then described as 

7 ∙ Fe3O4 → 4 ∙ Fe5O7 + Fe                 (1) 

Heating at higher temperatures (up to ~4500 K) at ~78 GPa leads to formation of Fe25O32 

that can be described as 

25 ∙ Fe3O4 → 3 ∙ Fe25O32 + 2 ∙ O2  (2), 

or 

15 ∙ Fe3O4 → Fe25O32 + 4 ∙ Fe5O7  (3) 

The common feature of all processes (1)-(3) is that they reflect self-redox reactions of 

Fe3O4 at pressures of ~80 GPa. Uncovering details of this phenomenon and accurate determination 

of thermodynamic boundaries is beyond the scope of this work. However, available information 

permits the conclusion that there are significant changes at ~70-80 GPa and high temperature in 

chemistry of the Fe-O system (Figure 4, see areas highlighted with black rectangles). Cerantola et 

al.47 and Bykova et al.8 reported reduction of Fe3+ by O2- in carbonates and in Fe2O3 at pressures 

~70 GPa. In our experiments particularly remarkable is the possible co-existence of highly reduced 

(pure hcp-Fe) and oxidized (Fe5O7, Fe3+/Fe=0.75) iron species. Interestingly, a qualitatively 

similar conclusion may be drawn by considering the results of phase stability studies of mixed- 
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Figure 6. Pressure dependence of the volumes of different polyhedra in Fe5O7 and Fe25O32. (a) Fe5O7:  

volumes of octahedral are shown by triangles, and caped prisms – by diamonds. Dotted line shows the variation of 

the volumes of Fe3+O6 octhahedra in α-Fe2O3
8, and dashed line – Fe2+O6 octhahedra in FeCO3

13. Volumes of FeO6 

octahedra in Fe5O7 below ~40 GPa indicate charge transfer between iron atoms. Abrupt decrease of the volume of 

the octahedra suggests high-spin-to-low-spin crossover in ferric iron. (b) Fe25O32: Within studied pressure range 

all polyhedra in the phase contract smoothly. 

 

valence iron oxides in multi-anvil experiments at pressures up to about 24 GPa59. Linear 

extrapolations of pressure-oxygen fugacity phase boundaries of Fe-FeO and FeO-Fe5O6 at 1473 K 

suggest that at pressures between 70 and 85 GPa one may expect the equilibrium between pure 

iron and Fe5O6. Such changes in the behavior of the Fe-O system at ~80 GPa would affect the 

oxidation state and partitioning of ferrous and ferric iron in silicates and oxides. Indeed, Prescher 

et al.58 reported significant changes in the partitioning coefficient of Fe2+ and re-distribution of 

Fe3+ from co-existing silicate perovskite in to ferropericlase above ~80 GPa. Bridgmanite (silicate 

perovskite) and ferropericlase (both containing Fe2+ and Fe3+) are dominant phases of Earth’s 

lower mantle. Thus, our results on chemical instability of Fe3O4 at conditions corresponding to the 

depth more than 1800 km become crucial for modelling thermodynamics of mantle phases and 

dynamics of deep interiors, and provide additional arguments towards the possible chemical 

heterogeneity of the mantle60,61. 
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Magnetite, hematite, and iron oxyhydroxides (like goethite) are major constituents of 

BIFs31. Accumulated on the ocean floors in early Earth history, BIFs are believed to be subducted 

into the deep interior. Upon subduction, oxyhydroxides are expected to lose water and transform 

to -Fe3O4
9. Our new data demonstrate that not only Fe2O3

8, but various Fe3O4 phases at conditions 

of Earth’s lower mantle (at depth of ~1800 km) may dissociate and produce oxygen (or highly 

oxidized fluid). In the past, Earth’s interiors were warmer62, thus, the process of decomposition of 

iron oxides (i.e. Fe3O4) could occur at lower depth, thus widely contributing to global oxygen cycle 

and formation of oxygen-rich atmosphere.  

 

Conclusion 
 

To summarize, in the present paper we report the results of high-pressure high-temperature 

studies of Fe3O4 up to ~80 GPa and 5000 K performed in the laser-heated diamond anvil cell. The 

existence of -Fe3O4 with the CaTi2O4-type structure at geotherm temperatures and pressures over 

~50 GPa was confirmed based on single-crystal X-ray diffraction. Two new high-pressure 

polymorphs of Fe3O4, -Fe3O4 and -Fe3O4, were synthesized above ~60 GPa. The -Fe3O4 is 

orthorhombic, resembling the Yb3S4-type structure. The -Fe3O4 has a modified Th3P4-type 

structure, not recognized until now in oxides, and never predicted for iron oxides. We found that 

Fe3O4, pressurized above ~75 GPa and heated above ~2000 K, becomes chemically unstable and 

underoes self-reduction or decomposition. Among chemical products of these processes we found 

pure iron and unusual iron oxides: Fe5O7 and Fe25O32. Thus, chemical instability of Fe3O4 at 

conditions corresponding to the depth of over 1800 km indicates significant changes in the Fe-O 

system and provides an additional argument in favor of possible chemical heterogeneity of Earth’s 

lower mantle. The analysis of the compressional curves of iron oxides and variations in the 

volumes of Fe-O polyhedra suggests that in iron oxides at ambient temperature, ferrous iron in 

prismatic oxygen environment does not undergo spin crossover up to at least 80 GPa, and ferric 

iron in oxygen octahedra transforms from the high to the low spin state above ~45 GPa if 

Fe3+/Fe≥2/3. 
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Detailed information on the crystal data obtained from single-crystal XRD refinement of 

the observed phases is provided in the Supporting Information Tables S2, S9, S10. These data have 

been deposited at The Cambridge Crystallographic Data Centre (CCDC). CSD 2115623 contains 

the Supporting Information crystallographic data of β-Fe2.771Mg0.229O4 at 58.6(5) GPa; CSD 

2115631 – δ-Fe3O4 at 58.6(5) GPa; CSD 2115632 – δ-Fe3O4 at 78(1) GPa; CSD 2115639 – γ-

Fe3O4 at 78(1) GPa; CSD 2115634 – Fe5O7 at 78(1) GPa; CSD 2115637– Fe25O32 at 65(1) GPa.  
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Figure S1. Optical image of the sample camber at 78(1) GPa. Crystal #1 (C1) highlighted with white solid 

rectangle has been heated up to 4770(250) K. Crystal #2 (C2) 1 highlighted with white dotted rectangle has been 

heated at lower temperatures 2700(200) K. 

 
 

Table S1. Summary of experimental runs, PT paths, and phases observed. 

Laser-heating in home lab in BGI (starting material –Fe3O4) 

Crystal P, GPa T, K Phase 

C1 78(1) 4770(250) tP(tI)-Fe3O4+Fe5O7+Fe25O32 

C2 78(1) 2540(110) oP-Fe3O4+tI-Fe3O4+Fe5O7+Fehcp 

  2650(210) oP-Fe3O4+tI-Fe3O4+Fe5O7+Fehcp 

  2810(180) oP-Fe3O4+tI-Fe3O4+Fe5O7+Fehcp 

  2720(50) oP-Fe3O4+tI-Fe3O4+Fe5O7+Fehcp 

  2750(100) oP-Fe3O4+tI-Fe3O4+Fe5O7+Fehcp 

  2770(50) oP-Fe3O4+tI-Fe3O4+Fe5O7+Fehcp 

Laser-heating at 13 IDD, GSECARS, APS (starting material –Fe3O4) 

C1 77(2) 1630(60) tP(tI)-Fe3O4+Fe5O7 

 74(1) 1620(80) tP(tI)-Fe3O4+Fe5O7 

 77(2) 2090(130) tP(tI)-Fe3O4+Fe5O7 

 76(3) 2490(210) tP(tI)-Fe3O4+Fe5O7 

 76(2) 2730(330) tP(tI)-Fe3O4+Fe5O7 

 76(2) 2930(350) tP(tI)-Fe3O4+Fe5O7 
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 76(1) 2720(130) tP(tI)-Fe3O4+Fe5O7 

 78(1) 2950(100) tP(tI)-Fe3O4+Fe5O7 

 75(3) 3200(180) tP(tI)-Fe3O4+Fe5O7 

 76(3) 3340(400) tP(tI)-Fe3O4+Fe5O7 

 77(2) 3030(300) tP(tI)-Fe3O4+Fe5O7 

 77(2) 3800(500) tP(tI)-Fe3O4+Fe5O7 

 76(1) 3890(520) mI-Fe3O4+Fe5O7+Fe25O32 

 74(3) 3870(540) mI-Fe3O4+Fe5O7+Fe25O32 

 74(5) 3770(630) mI-Fe3O4+Fe5O7+Fe25O32 

 73(4) 3450(470) mI-Fe3O4+Fe5O7+Fe25O32 

 73(3) 2640(360) mI-Fe3O4+Fe5O7+Fe25O32 

 74(3) 2810(180) mI-Fe3O4+Fe5O7+Fe25O32 

 69(1) 2470(300) mI-Fe3O4+Fe5O7+Fe25O32 

 73(4) 3100(100) mI-Fe3O4+Fe5O7+Fe25O32 

Laser-heating at 13 IDD, GSECARS, APS (starting material – (Mg0.3Fe0.7)CO3) 

C1 61(1) 1500(70) carbonate+β-Fe2.771Mg0.229O4 

  293 carbonate+β-Fe2.771Mg0.229O4 

  1700(70) carbonate+β-Fe2.771Mg0.229O4 

  293 carbonate+ β-Fe2.771Mg0.229O4 

  1870(70) carbonate+ β-Fe2.771Mg0.229O4 

  293 carbonate+ β-Fe2.771Mg0.229O4 

  2100(60) carbonate+ β-Fe2.771Mg0.229O4 

  293 carbonate+ β-Fe2.771Mg0.229O4 

  2260(90) carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  293 carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  2280(180) carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  293 carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  2400(270) carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  293 carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  2470(240) carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  293 carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  2600(260) carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  293 carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 

  2420(200) carbonate+ β-Fe2.771Mg0.229O4+tI-Fe3O4 
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Table S2. Details of the crystal structure refinements of novel Fe3O4 phases observed at 78(1) 

GPa.  

 

 

  

Crystal data 

Chemical formula Fe3O4 Fe3O4 

Mr 231.5 231.5 

Crystal system, space group Orthorhombic, Pnma Tetragonal,  I4̅2d 

Temperature, K 293 293 

a, Å 8.574(10) 5.866(3) 

b, Å 2.6356(13) 5.866(3) 

c, Å 8.761(3) 5.938 (3) 

V, Å3 198.0(3) 204.34(16) 

Z 4 4 

Radiation type λ = 0.2885 Å X-ray, λ = 0.28850 Å 

Radiation source P02.2, Petra III, DESY P02.2, Petra III, DESY 

µ (mm−1) 1.60 1.70 

Crystal size (mm) 0.003 0.003 

Diffractometer Customized ω-circle diffractometer 

Absorption correction Multi-scan  

CrysAlis PRO 1.171.40.67a (Rigaku Oxford Diffraction, 2019) Empirical 

absorption correction using spherical harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. 

Tmin, Tmax 0.227, 1 0.150, 1.000 

No. of measured, independent 

and 

observed [I > 2σ(I)] 

reflections 

908, 399, 300  403, 222, 192  

Rint 0.043 0.033 

(sin θ/λ)max, Å−1 1.057 1.053 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.076, 0.077, 1.75 0.088, 0.224, 1.11 

No. of reflections 399 222 

No. of parameters 31 12 

Δρmax, Δρmin, e·Å−3 2.50, −1.68 1.78, −2.05 
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Table S3. Fractional atomic coordinates and isotropic (*) or equivalent isotropic displacement 

parameters of γ-Fe3O4 with Yb3S4 type of structure (space group Pnma, a=8.574(10) Å, b=2.6356(13) Å, 

c=8.761(3) Å) at 78(1) GPa. 

 x y z Uiso*/Ueq 

Fe1 0.1484(3) 0.25 0.2020(2) 0.0119(7) 

Fe2 0.3654(3) 0.25 0.4001(2) 0.0123(7) 

Fe3 0.1006(3) 0.25 0.5687(2) 0.0115(6) 

O1 0.032(2) 0.25 0.3720(7) 0.0141(1)* 

O2 0.258(2) 0.25 0.0200(8) 0.0138(1)* 

O3 0.464(2) 0.25 0.6096(8) 0.016(1)* 

O4 0.204(2) 0.25 0.7504(8) 0.0145(1)* 

 

Table S4. Selected geometric parameters of γ-Fe3O4 with Yb3S4 type of structure (space group 

Pnma, a=8.574(10) Å, b=2.6356(13) Å, c=8.761(3) Å) at 78(1) GPa. 

 distances, Å  distances, Å 

Fe1—Fe1i 2.636(3) Fe2—O3viii 1.971(1) 

Fe1—Fe1ii 2.636(3) Fe2—O3ix 1.971(1) 

Fe1—Fe2 2.544(4) Fe2—O4iv 1.951(6) 

Fe1—Fe2iii 2.587(6) Fe2—O4v 1.951(6) 

Fe1—O1 1.794(9) Fe3—Fe3i 2.636(3) 

Fe1—O2 1.852(9) Fe3—Fe3ii 2.636(3) 

Fe1—O3iv 1.822(8) Fe3—Fe3x 2.482(4) 

Fe1—O3v 1.822(8) Fe3—Fe3xi 2.482(4) 

Fe1—O4iv 1.876(9) Fe3—O1 1.821(8) 

Fe1—O4v 1.876(9) Fe3—O1x 1.815(9) 

Fe2—Fe2i 2.636(3) Fe3—O1xi 1.815(9) 

Fe2—Fe2ii 2.636(3) Fe3—O2vi 1.839(9) 

Fe2—O2vi 1.991(8) Fe3—O2vii 1.839(9) 

Fe2—O2vii 1.991(8) Fe3—O4 1.822(9) 

Fe2—O3 2.021(9) 
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Figure S2. Reciprocal space reconstruction of (h2l) layer of two single crystal domains of tetragonal 

Fe3O4 phases observed in present study at 78(1) GPa after laser-heating temperatures at 4800(300 K): (a) first 

single-crystal domain, which crystal structure was solved and refined in space group I4̅2d (#122); (b) second 

single-crystal domain, which crystal structure was solved and refined in space group P4̅ (#81). Green circles – 

reflections that are consistent with I-centering; red circles – reflections violating I-centering, suggesting P4̅ space 

group.  

 

 

Table S5. Fractional atomic coordinates and isotropic (*) or equivalent isotropic displacement 

parameters of δ-Fe3O4 with distorted Th3P4 type of structure at 78(1) GPa (space group I4̅2d, a=5.8648(1) 

Å, c=5.948(2) Å). 

 

 

  

 
x y z Uiso*/Ueq 

Fe1 0 0 0 0.0154(7) 

Fe2 0.3865(6) 0.25 0.125 0.0176(6) 

O1 0.064(2) 0.187(2) 0.304(1) 0.017(2)* 
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Table S6. Fractional atomic coordinates and isotropic (*) or equivalent isotropic displacement 

parameters of δ-Fe3O4 with distorted Th3P4 type of structure at 78(1) GPa (space group P4̅, a= 5.8756(1) 

Å, c= 5.8984(3) Å). 

 

Table S7. Fractional atomic coordinates of the model used for Le Bail fit of powder XRD pattern 

collected for monoclinic Fe3O4-δ phase (space group I2) that appeared after prolong laser heating cycle at 

78(2) GPa at 13IDD, GSECARS, APS. Lattice parameters (a=6.103(1) Å, b=5.787(1), c=5.958(1) Å, 

β=91.73(1)˚, V=210.33(1) Å3 ) were refined through Le Bail fit of powder XRD data of temperature 

quenched-sample at pressure of 78(1) GPa, based on Ne equation of state1. 

  

  

 
x y z Uiso*/Ueq 

Fe1 0 0 0 0.0066(8) 

Fe2 0.5 0.5 0.5 0.113(5) 

Fe3 0 0.5 0.2469(7) 0.0222(9) 

Fe4 0.6140 (5) 0.2516(7) 0.1228(5) 0.0210(7) 

Fe5 0.2491 (5) 0.1156(5) 0.3760(5) 0.0181(6) 

O1 0.3229 (18) 0.0583(18) 0.0514(14) 0.005(2)* 

O2 0.175 (2) 0.440(2) 0.538(2) 0.015(3)* 

O3 0.172 (7) 0.049(4) 0.686(6) 0.074(11)* 

O4 0.302 (4) 0.433(3) 0.224(5) 0.039(5)* 

 
x y z 

Fe1 0.5 0.8440(12) 0.5 

Fe2 0.5 0.6276(10) 1 

Fe3 0.6286 7) 0.2373(8) 0.7523(9) 

Fe4 0.2429(7) 0.4718(8) 0.6386(10) 

O5 0.561(4) 0.538(4) 0.679(5) 

O6 0.684(4) 0.162(4) 0.444(5) 

O7 0.185(3) 0.779(4) 0.576(5) 

O4 0.429(4) 0.911(5) 0.196(6) 
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Figure S3. Powder diffraction patterns of: (a) δ-Fe3O4 (I4̅2d, a=5.866(3) Å, c=5.938(3) Å, V=204.34(16) 

Å3), aNe=3.032(1) Å; (b) mI-Fe3O4-δ (I2, a=6,103(1) Å, b=5.787(1), c=5.958(1) Å, β=91.73(1)˚, V=210.33(1) Å3), 

aNe=3.0314 (3) Å at 78(1) GPa, observed after prolong (about an hour) laser heating at ~3800 K. 2D X-ray 

diffraction image of mI-Fe3O4-δ (c) and reciprocal space reconstruction of (hk3) layer (d) reveal splitting of some 

reflections due to reduction of symmetry from I4̅2d to I2 space group. Pressure was determined by equation of 

state of Ne, reported in ref. 1. 
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Table S8. Selected geometric parameters of δ-Fe3O4 with distorted Th3P4 type of structure at 78(1) 

GPa (space group I4̅2d, a=5.8648(1) Å, c=5.948(2) Å). 

 distances, Å  distances, Å 

Fe1—Fe2i 2.748(1) Fe2—Fe2xiii 2.719(2) 

Fe1—Fe2ii 2.748(1) Fe2—Fe2xiv 2.719(2) 

Fe1—Fe2iii 2.748(1) Fe2—O1xv 2.115(1) 

Fe1—Fe2iv 2.748(1) Fe2—O1xiii 2.115(1) 

Fe1—O1 2.144(1) Fe2—O1iv 1.963(9) 

Fe1—O1v 1.903(1) Fe2—O1viii 2.203(1) 

Fe1—O1vi 1.903(1) Fe2—O1 2.203(1) 

Fe1—O1vii 2.144(10) Fe2—O1xi 1.937(1) 

Fe1—O1viii 1.903(1) Fe2—O1xvi 1.963(9) 

Fe1—O1ix 2.144(10) Fe2—O1xvii 1.937(1) 

Fe1—O1x 2.144(10) O1—Fe1xviii 1.903(1) 

Fe1—O1xi 1.903(1) O1—Fe2xix 1.963(9) 

Fe2—Fe2iii 2.719(2) O1—Fe2iii 2.115(1) 

Fe2—Fe2xii 2.719(2) O1—Fe2ii 1.937(1) 
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Table S9. Details of the crystal structure refinements of β-(Fe2.771Mg0.229)O4 and δ-Fe3O4 phases 

observed at 58.6(5) GPa upon laser heating of (Mg0.3Fe0.7)CO3. 

Crystal data  

Chemical formula Fe3O4 Fe2.771Mg0.229O4 

Mr 231.5 224.3 

Crystal system, space group Tetragonal,  I4̅2d Orthorhombic, Cmcm 

Temperature (K) 293 293 

a, Å 5.9935 (10),  2.658 (7),  

b, Å 5.9935 (10), 8.861 (3), 

c, Å 5.9122 (10) 9.063 (3) 

V, Å3 212.38 (6) 213.5 (6) 

Z 4 4 

Radiation type X-ray,  λ = 0.2952 Å X-ray,  λ = 0.2952 Å 

Radiation source 13IDD, GSECARS, APS 13IDD, GSECARS, APS 

µ (mm−1) 1.58 1.47 

Crystal size (mm) 
 

0.003 

Diffractometer Customized ω-circle diffractometer 

Absorption correction Multi-scan  

CrysAlis PRO 1.171.40.63a (Rigaku Oxford Diffraction, 2019) Empirical 

absorption correction using spherical harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. 

Tmin, Tmax 0.646, 1 0.167, 1 

No. of measured, 

independent and 

observed [I > 3σ(I)] 

reflections 

602, 221, 201  334, 127, 89  

Rint 0.062 0.026 

(sin θ/λ)max (Å−1) 0.861 0.894 

Refinement  

R[F2 > 3σ(F2)], wR(F2), S 0.041, 0.067, 1.77 0.098, 0.101, 3.30 

No. of reflections 221 127 

No. of parameters 17 15 

Δρmax, Δρmin (e Å−3) 1.18, −1.30 3.04, −1.95 
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Table S10. Details of the crystal structure refinements of Fe5O7 and Fe25O32 

 

  

Chemical formula Fe5O7 Fe25O32 

P, GPa 78(1) 65(1) 

Mr 391.2 1908.1 

Crystal system, space 

group 

Monoclinic, C2/m Hexagonal, P-62m 

a, c (Å) 8.646 (4) 13.626 (3) 

b 2.6183 (5) 13.626 (3) 

c 7.9508 (17) 2.6598 (7) 

α (°) 90 90 

β (°) 105.82 (4) 90 

γ (°) 90 120 

V (Å3) 173.18(10) 427.68 (17) 

Z 2 1 

Radiation type X-ray 

λ = 0.2952 Å 

X-ray 

λ = 0.2895 Å 

Radiation source 13 IDD, GSECARS, APS P02.2, Petra III, DESY 

µ (mm−1) 1.62 1.55 

Diffractometer Customized ω-circle diffractometer 

Absorption correction Multi-scan CrysAlis PRO 1.171.40.67a (Rigaku Oxford Diffraction, 2019) Empirical 

absorption correction using spherical harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. 

Tmin, Tmax 0.343, 1 0.687, 1 

Index ranges h = −10→8 h = −15→15 

k = −4→4 k = −5→9 

l = −13→12 l = −3→2 

No. of measured, 

independent and 

observed [I > 2σ(I)] 

reflections 

249, 157, 136 494, 270, 242 

Rint 0.019 0.047 

(sin θ/λ)max (Å−1) 0.845 0.587 

R[F2 > 2σ(F2)], wR(F2), 

S 

0.043, 0.094, 2.25 0.051, 0.100, 1.46 

No. of reflections 157 270 

No. of parameters 18 34 

Δρmax, Δρmin (e Å−3) 1.02, −1.39 1.24, −1.11 
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Figure S4. Le Bail fit of integrated powder XRD pattern of the sample of Fe3O4 at 78(1) GPa and after 

laser heating at 2700(200) K. Le bail fit was performed using Jana2006 software2. Orange ticks corresponds to 

the reflection of hcp-Fe (a=2.3238(8) Å, c=3.7001(5) Å, V=17.303(1) Å3, 83(2) GPa, according to EoS from ref.3, 

green ticks – Ne (a=3.030(2) (4) Å, V=27.808(2) Å3, PNe=78(1) GPa), according to EoS from ref.1, purple ticks 

represent parasitic scattering from Re gasket (a=2.6206(5) Å, c=4.229(2) Å, V=25.153(2) Å3, 78(3) GPa, 

according to EoS from ref.4), grey ticks are reflections from the γ-Fe3O4 phase (a=8.574(10) Å, b=2.6356(13) Å, 

c=8.761(3) Å, V=198.0(3) Å3).  

 

 

 

 

  



Chapter 5. Supporting information 

157 

 

Table S11. Lattice parameters of hcp-Fe and Ne obtained as a result of Le Bail analysis of XRD 

data collected at different pressures. Pressure values are given, according to EoS of Ne1 and hcp-Fe3. 

a (Fe), Å c (Fe), Å V (Fe), Å3 P (Fe), GPa V (Ne), Å3 P (Ne), GPa 

2.3238(8) 3.7001(5) 17.303(1) 83(2) 27.807(2) 79(1) 

2.3324(6) 3.7096(11) 17.477(2) 77(2) 28.312 (3) 74(1) 

2.3501(10) 3.7589(27) 17.979(30 63(2) 29.140(4) 66(1) 

 

Table S12. Lattice parameters of Fe5O7 as function of pressure. Pressure determined from the 

equation of state for Ne1 

P, GPa a, Å b, Å c, Å β (°) V, Å3 

79.8(6) 8.656(2) 2.607(2) 7.918(1) 105.71(2) 171.96(5) 

78.3(7) 8.646(4) 2.6183(5) 7.951(2) 105.82(8) 173.2(1) 

71.7(6) 8.749(7) 2.6030(9) 7.982(3) 105.31(7) 175.3(2) 

66.0(5) 8.777(6) 2.6111(9) 8.029(4) 105.36(6) 177.4(2) 

65.0(7) 8.808(5) 2.6181(10) 8.066(5) 106.53(6) 178.3(2) 

56.4(9) 8.782(6) 2.6536(8) 8.097(4) 105.44(6) 181.9(2) 

51.4(8) 8.879(4) 2.6648(5) 8.100(2) 105.85(4) 184.4(1) 

34.2(6) 9.289(2) 2.753(2) 8.367(5) 105.3(1) 206.4(4) 

29.3(5) 9.289(2) 2.753(2) 8.367(5) 105.3(1) 206.4(4) 

20.0(3) 9.430(8) 2.775 (1) 8.444(3) 105.34(7) 213.1(2) 

10.1(1) 9.526(1) 2.805(3) 8.570(7) 105.42(1) 220.7(4) 

 

Table 13. Lattice parameters of Fe25O32 as function of pressure. Pressure determined from the 

equation of state for Ne1 

P, GPa a, Å c, Å V, Å3 

79.8(6) 13.464(2) 2.6280(7) 412.6(2) 

71.7(6) 13.565(6) 2.6363(1) 420.1(3) 

66.0(5) 13.606(3) 2.6587(1) 426.2(2) 

65.0(5) 13.626(3) 2.6598(7) 427.7(2) 

56.4(8) 13.719(6) 2.6652(7) 434.4(3) 

51.4(8) 13.786(5) 2.6704(7) 439.5(2) 

40.0(7) 13.913(8) 2.7309(5) 457.8(4) 
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Table 14. Lattice parameters of δ-Fe3O4 as function of pressure. Pressure determined from the 

equation of state for Ne1 

 

 
Figure S5. Normalized pressure - Eulerian strain (FE-f) plot (b) based on 2nd order Birch-Murnaghan 

equation of state of V0=230.1(8) Å3, K0=221(9) GPa, and V51GPa=184.4(3) Å3, K51GPa=359(12) GPa for Fe5O7 (a, 

b); V40GPa=457(1) Å3, K40GPa=322(15) GPa for Fe25O32 (c) and V51 GPa=217.5(6) Å3, K51 GPa=363(22) GPa for δ-

Fe3O4 (d). 

 
  

P, GPa a, Å c, Å V, Å3 

79.8(6) 5.853(2) 5.917(3) 202.72(2) 

78.3(7) 5.867(3) 5.939(3) 204.44(2) 

71.7(6) 5.872(3) 6.010(4) 207.2(2) 

66.0(5) 5.947(3) 5.915(5) 209.2(3) 

65.0(7) 5.991(3) 5.841(1) 209.7(2) 

56.4(9) 5.993(4) 5.993(4) 215.3(2) 

51.4(8) 6.060(5) 5.905(7) 216.8(4) 
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Figure S6. Twin relations between B1-structured FeO and β-Fe3O4. (a) Structure of B1-FeO projected on 

{110} direction, with cut on {113} shown by dotted line (green balls are Fe atoms, red balls are O atoms); (b) right-

hand half rotated by 180˚ about <113>; (c) the same as (b), but the trigonal prisms are occupied by a single Fe 

atom on midway; (d) a crystal structure of β-Fe3O4, where Fe2+ ions are localized in trigonal prisms (or capped 

trigonal prisms) at “twinning” boundary. 

 

 

 

 

Figure S7. Different types of structure that can be achieved through the variation of octahedral packing 

for Fe3O4 stoichiometry: (a) a hypothetic rutile-like structure, composed of one octahedra ribbon (octahedral 

columns); (b) octahedral arrangement in β-Fe3O4 (CaTi2O4-type of structure) build of two-octahedra ribbons; (c) 

packing of four octahedra ribbons in the crystal structure of γ-Fe3O4 (Yb3S4-type of structure). 
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Figure S8. Pressure dependence of volumes of the FeO6 octahedra in various compounds (extended and 

modified after ref.5). The compressional behavior of Fe3+O6 octahedra in α-Fe2O3; Fe2+O6 octahedra in FeCO3 in 

high spin state can be described by second-order Birch–Murnaghan equations of state (green and orange lines, 

parameters are given in figure’s capture). Relative changes in volume of FeO6 octahedra in Fe5O7 well corresponds 

to values known for other iron-bearing compounds; for example, at 43 GPa average volume of the octahedra is 

~9.6 Å3, and at 78 GPa - ~8.1 Å3). However, octahedral volumes in Fe5O7 are higher than considered for pure 

Fe3+, indicating a partial charge transfer on iron atoms in this compound between prismatic and octahedral sites  
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Abstract 
 

Laser heating of rhenium in a diamond anvil cell to 3000±300 K at about 200 GPa results 

in formation of two previously unknown rhenium carbides, hexagonal WC-type structured ReC 

and orthorhombic TiSi2-type structured ReC2. The shortest C-C distances (1.758(3) Å at 219(5) 

GPa and 1.850(4) Å at 180(7) GPa) found in honeycomb-like carbon nets in the structure of ReC2 

mailto:Saiana.Khandarkhaeva@uni-bayreuth.de
https://doi.org/10.1002/ejic.202000252


Chapter 6.1. Introduction 

163 

 

are quite unusual. The Re-C solid solution formed at multimegabar pressure has the carbon content 

of ~20 at%. 

Introduction 
 

Chemical compounds of 5d transition metals and carbon or other first-row elements, as B 

and N, often possess interesting properties attributed to strong covalent bonding.[1] Many of 

carbides, borides, and nitrides reveal very high melting points (for example, over 3500 K for ZrC, 

NbC, HfC, TaC),[2] large bulk moduli (K0>390 GPa for Re2C,[3] Re2N,[4] ReN2,
[5] IrN2,

[6] OsB,[7] 

Os2B3,
[7] OsB2

[7]), and very high hardness (Hv>35 GPa for ReN2,
[5] WB4

[7]). Transition-metal 

carbides belong to a large group of industrially important materials. 

The rhenium-carbon system provides a striking example of the pressure effect on elements 

reactivity and the binary phase diagram. At ambient pressure, rhenium does not form 

stoichiometric carbides; carbon dissolves into rhenium up to 28.45 at% at the eutectic temperature 

(2778 K).[8] However, even very moderate pressure, just above 6 GPa (and high temperatures) was 

reported to promote formation of a Re-C compound.[9,10] Its correct chemical composition (Re2C) 

and crystal structure of anti-MoS2 type (hexagonal primitive, hP, space group P63/mmc) were 

established relatively recently on the basis of X-ray powder diffraction, Raman spectroscopy data 

and DFT calculations.[11,12] No other stoichiometric carbides apart of hP-Re2C have been observed 

at pressures up to ~70 GPa and temperatures ~4000 K.[3]  

The hP-Re2C was found to be isostructural with Re2N.[11] This analogy and the recently 

observed very complex and unexpected behavior of the Re-N system, featuring numerous 

nitrogen-rich compounds,[5,13] stimulated the study of potential reactions between Re and C at 

multimegabar pressures. Awareness of these reactions is also of a primary interest for the 

development of the methodology of ultra-high pressure high temperature experiments, in which 

Re gaskets are commonly used. The range of currently achievable static pressures has been 

extended to ~1000 GPa due to implementation of double-stage diamond anvil cells (dsDAC) and 

to ~600 GPa with toroidal type anvils (tDAC).[14–17] In order to achieve such extreme pressures, 

the linear size of samples and sample chambers should be drastically decreased. At pressures above 

~150 GPa, a pressure chamber’s diameter (made, as a rule, of Re) is usually smaller than 50 μm, 

and in dsDACs above 300 GPa it is less than 10 μm. Meanwhile, the size of a laser beam in typical  
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laser heating (LH) setups used in DAC experiments varies from 15 to 50 μm at FWHM.[18,19] As a 

result, irradiation of, at least the edge of a Re-gasket, by the laser beam during laser heating 

becomes unavoidable and may lead to a chemical reaction between Re and carbon of the diamond  

anvils. Therefore, correct interpretation of the results of experiments with laser-heating at ultra-

high static pressures requires knowledge about possible products of rhenium and carbon 

interaction.  

Here, we report on the in situ study of Re-C compounds formed due to chemical 

interactions between diamond anvils and the rhenium gasket after pulsed laser heating in DACs at 

about 200 GPa. The structures of all of the synthesized rhenium carbides, Re2C, ReC2, ReC, and 

ReC0.2 were solved and refined using single-crystal X-ray diffraction (SCXRD) providing direct 

and unequivocal data to judge on both the atomic arrangement and chemical composition of the 

crystalline matter.  

 

 

 

Figure 1. 2D map of X-ray diffraction patterns. The color intensity is proportional to the intensity of the 

following reflections: the (100) and (101) reflections of the Re gasket for the violet region; the (100) and (101) 

reflections of ReC0.2 for the light blueish-gray region; the (105) reflection of Re2C for the orange region; the (101) 

reflection of ReC with the WC-type structure for the purple region; the (002), (111), (020) reflections of ReC2 for 

the dark red region. Characteristic diffraction images highlighted with white rectangles are shown in Figure S2. 
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Experiment 
 

Two DACs have been prepared, dsDAC for Experiment #1 and conventional assembly for 

Experiment #2 (for details see Supporting Information, DAC preparation). Secondary anvils for 

Experiment #1 were made from nano-crystalline diamond (NCD) spheres of about 15-20 µm in 

diameter. The dsDAC in Experiment #1 was compressed up to ~415 GPa (according to the 

diamond Raman shift on the secondary anvil),[20] then the sample (Re flakes) was laser heated until 

the first bright flash of light that held for less than a second (temperature was not measured). After 

the first heating attempt pressure dropped down to ~200 GPa probably due to failure of the 

secondary anvils. However, the DAC remained intact and rhenium in the central area was again 

carefully laser heated in a pulsed mode (1 µs pulses, 25 kHz repetition rate, and maximum 

temperature of 3000±300 K).[21] Pressure did not change upon the repeated laser heating 

(Supporting Information, Figure S1) and the DAC with the temperature-quenched material was 

investigated using powder and single crystal X-ray diffraction (for details see the Supporting 

Information). A 2D diffraction map collected across the sample chamber revealed the presence of 

not only Re, but four additional phases (Figure 1). All of them have been identified and are 

described in detail below. 

 

Results and discussion 
 

The XRD patterns collected from the edge of the Re-gasket show typical continuous 

powder diffraction rings of rhenium (Supporting Information, Figure S2a) not exposed to the laser 

beam. The unit cell volume of Re determined from the Le Bail fit varies from 22.000(5) Å3 to 

21.978(7) Å3 for different patterns (Supporting Information, Figure S3). This corresponds to 

pressures of ~230-240 GPa according to equation of state (EOS) from Dubrovinsky et al.,[14] or 

~190-195 GPa, according to Anzellini et al.[22] (Supporting Information, Table S1). 

One of the crystalline phases we found within the laser-heated area is the hexagonal hP-

Re2C (P63/mmc, #194) (Figure 2a).[11,12,23] The parameters of the unit cell were found to be 

a=2.5860(9) Å, c=9.272(3) Å, V=53.70(3) Å3 (Supporting Information, Table S2, S3, Figure S4a). 

As written above, in this experiment the pressure, as determined from the Raman shift of the 

diamond anvil (Supporting Information, Figure S1), was of about 200 GPa, whereas the Re EOS  
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gave up to 240 GPa. These values do not match the pressure of 172(13) GPa, determined for the 

given unit cell volume of hP-Re2C according to the EOS reported by Juarez-Arellano et al.[3] The 

EOS of Re2C in ref.[3] was determined on the basis of powder XRD from a sample in hard pressure 

transmitting medium that led to a significant uncertainty in the bulk modulus: K=405(30) GPa 

(K´=4.6).[3] Comparison of our data with literature motivated us to make an independent 

measurement to establish the EOS of hP-Re2C on the basis of SCXRD. In the experiment described 

in Supporting Information, Experimental Procedures, the P-V data were obtained up to 50 GPa 

from a single crystal of hP-Re2C pressurized in a soft (Ne) pressure transmitting medium 

(Supporting Information, Table S11, Figure S5). The parameters of the 3rd order Birch-Murnaghan 

equation of state of hP-Re2C (V0=69.18(4) Å3/unit cell, K=375(15) GPa, K´=5.0(1)) we obtained 

 

Figure 2. Crystal structures of Re-C compounds observed in Experiment #1 at 180(7) GPa. (a) hP-Re2C, 

(b) WC-type structured ReC, (c) TiSi2-type structured oF-ReC2; and (d) B8-type structured interstitial solid solution 

ReC0.2. Dark blue balls designate Re atoms; dark gray balls – carbon atoms; white balls with a dark gray sector 

symbolize a partial occupancy of the position by carbon atoms. Carbon coordination polyhedra in the crystal 

structures of Re2C (e) and ReC (f) are strikingly similar with the Re-C bond length ~2 Å (shown by yellow color). 

(g) A single hexagon in the honeycomb-like web of carbon atoms, which coordinate each Re atom in the structure 

of ReC2. (The shortest C-C distances of 1.850(4) Å are highlighted by red color. (h) A single octahedron formed by 

Re atoms in the structure of ReC0.2, which incorporates carbon atoms with the occupancy of 20 %. The Re-C 

distances are relatively short (1.827(2) Å) 
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only slightly (within uncertainties) differ from the values reported by Juarez-Arellano et al.[3] 

According to our EOS hP-Re2C synthesized in Experiment #1 was under the pressure of 180(7) 

GPa (Figure 3a). The structure of hP-Re2C (Figure 2a, Supporting Information, Table S3) 

determined from SCXRD is in a good agreement with model described by Friedrich et al.[11] It is 

characterized by the stacking sequence AABB of layers of Re atoms (with four Re atoms per a 

unit cell). Carbon atoms occupy the 2d Wyckoff position in trigonal prisms formed by Re atoms 

with the Re-C distances of 1.997(1) Å (Figure 2e, Supporting Information, Table S4).  

The structure of another phase, identified as ReC, has a hexagonal unit cell with the lattice 

parameters a=2.5510(9) Å, c=2.7048(11) Å, and V=15.24(1) Å3 (Figure 1b) (Supporting 

Information, Table S2, S5, Figure S4b). The structure solution and refinement revealed that hP-

ReC belongs to the WC structure type (P-6m2, #187) with characteristic c/a ratio (~0.94). Like in 

Re2C, carbon atoms are located in trigonal prisms formed by Re atoms with the Re-C distances 

equal to 2.000(2) Å (Figure 2f, Supporting Information, Table S6).  

One more carbide, ReC2, with the orthorhombic structure found in Experiment #1 (Figure 

2c, Supporting Information, Table S2, S7, Figure S4c) has the lattice parameters a=3.3367(10) Å, 

b=4.3155(16) Å, c=5.6220(13) Å, and V=80.95(4) Å3 at 180(7) GPa, and a space group Fmmm 

(#69). Remarkably, the same orthorhombic phase (a=3.2880(9) Å, b=4.2088(9) Å, c=5.5645(8) Å, 

and V= 77.00(3) Å3) was found in Experiment #2, in which iron oxide (FeO) in a Ne pressure 

medium was compressed to 219(5) GPa and pulsed-laser heated up to 2500±300 K.[19] The 

relatively large beam (of about 25 µm at FWHM) irradiated the Re gasket used in Experiment #2 

and ReC2 was found at the border of the pressure chamber.  

The structure solution and refinement of the orthorhombic phase, in both Experiment #1 

and #2, resulted in the chemical composition ReC2. The structure shown in Figure 2с can be 

described as stacking of flat honeycomb-like nets of carbon atoms along the b direction with a 

translation (½, 0, ½). The “honeycomb” hexagons are not ideal (Figure 2g), they have two longer 

and four shorter sides (Supporting Information, Table S8). Rhenium atoms are located in the center 

of each of carbon hexagons (Figure 2g). Thus, in the same ac-plane each Re has 6 closest carbon 

neighbors, four of which are at a distance of 1.948(4) Å and two at 1.805(7) Å, as determined at 

180(7) GPa (Supporting Information, Table S8). Note that whereas the description in terms of 

stacking of the Re-C nets obviously helpful to give a clear geometrical presentation of the atomic  
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arrangement in oF-ReC2, the structure is not layered, as the shortest Re-Re distances between the 

“layers” (~2.72 Å) are similar to those in non-layered structures of hP-Re2C (~2.5-2.6 Å) and hP-

ReC (~2.55-2.70 Å) at the same pressure.  

It is worth noticing that in oF-ReC2 the shortest C-C distances (1.758(3) Å at 219(5) GPa 

and 1.850(4) Å at 180(7) GPa) are up to 30%, or 20% larger than in sp2- (~1.42 Å in graphite[24]) 

or sp3- (~1.54 Å in diamond[25]) bonded carbon, correspondingly. This may suggest the absence of  

the chemical bonding between carbon atoms, but still, the latter should be proven by theoretical 

computations, which are out of scope of the present study. Some crystal-chemical analogy can be 

considered also, but it does not allow to make any definite conclusion regarding the chemical 

bonding in this particular case. Indeed, oF-ReC2 is isostructural to one of the polymorphs of 

titanium disilicide (TiSi2) (space group Fmmm, #69), a=4.428 Å, b=4.779 Å, c=9.078 Å, V=192.1 

Å3).[26] The shortest Si-Si distance in oF-TiSi2 at ambient conditions is ~2.57 Å that is ca. 9% 

larger than in diamond-structured Si (~2.35 Å).[27] Any direct analogy is difficult to draw, as there 

 

Figure 3. The unit cell volume of hP-Re2C as a function of pressure (a) and the dependence of the unit cell 

volumes per atom on the atomic fraction of carbon for various RexCy compounds at 180(7) GPa (b). Black triangles 

are experimental data points obtained using SCXRD on compression of hP-Re2C up to ~50 GPa in a soft (Ne) 

pressure transmitting medium. Solid black line is a fit of the P-V experimental data using the 3rd order Birch-

Murnaghan EOS (V0=69.18(4) Å3/unit cell, K=375(15) GPa, K´=5.0(1)) and the dashed line is its extrapolation. 

Open triangle (corresponds to the volume obtained for hP-Re2C in one pressure point in Experiment #1 (see text). 

Black squares are experimental data points for observed Re-C compounds; open square designates ReC0.2, in which 

the atomic fraction of carbon was determined in accordance with this empiric ‘V/atom vs C at. fraction’ 

relationship. 
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is no data on chemical bonding in oF-TiSi2. Although ab initio simulations for one other 

polymorph of oF-TiSi2 and a Zintl phase CaSi suggest a significant covalent interaction between 

Si atoms in zig-zag chains geometrically similar to the C-C chains in our oF-ReC2 carbide, their 

Si-Si distances, of about 2.53 Å and 2.54 Å, correspondingly, are of only 8% larger than those in 

diamond-structured Si.[28,29]  

Remarkably, there is a strong diffuse scattering, especially evident in the reciprocal space, 

suggesting a disorder along the b-axis in the structure of oF-ReC2 (Supporting Information, Figure 

S6a). Those defects might help to stabilize the structure. In fact, the titanium disilicide oF-TiSi2
[26], 

which is isostructural to oF-ReC2 (discussed above), is calculated to have the energy of about 0.3 

eV/atom higher, than other titanium disilicide polymorphs[26. However, further studies are required 

to elaborate this hypothesis. 

In the phase map built on the basis of powder XRD data (Figure 1), the light blueish-gray 

region indicates the phase filling the outer rim of the pressure chamber at the border with the Re 

gasket. On the basis of only powder XRD, it could be interpreted exclusively as Re at about 100 

GPa, according to the EOS of Anzellini et al.[22] or at about 115 GPa, according to the EOS of 

Dubrovinsky et al.[14] that would be inconsistent with the pressure of 180(7) GPa determined 

previously. In a few points of this region it was possible to collect single-crystal data sets 

(Supporting Information, Figure S4d). Indexing of the single-crystal data gave the same result as 

that of powder XRD data: a hexagonal unit cell with the lattice parameters a=2.6028(12) Å, 

c=4.161(2) Å, V= 24.41(2) Å3, and a space group P63/mmc (#194) (Supporting Information, Figure 

S4d, Table S2, S9). However, single-crystal data revealed the electron density, localized in the 

octahedral voids of the hcp-Re like in the B8 (NiAs)-type structure (Figure 2d) that suggests this 

phase to be a Re-C interstitial solid solution based on the B8-type structure (Figure 2d, h). Single-

crystal diffraction data at hands are not sufficient to refine the site occupancies for carbon atoms, 

especially taking into account a huge difference in X-ray scattering factors of Re and C. 

Fortunately, we noticed that the unit cell volumes per atom for RexCy compounds (Re,[14] hP-Re2C, 

hP-ReC, oF-ReC2, and C (diamond)[30]) at 180(7) GPa, if plotted as a function of carbon content, 

all appear along the common straight line (Figure 3b). Considering the volume of the B8 rhenium-

carbon solid solution, we have estimated its composition as ReC0.2. 

A comparison of our data for Re-C compounds and recent reports on the Re-N system 

demonstrates obvious crystal-chemical similarities in the two systems for compositions Re:C ≥1. 
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Two carbides, Re2C and ReC, are isostructural to Re2N and ReN. They are built up of CRe6 or 

NRe6 trigonal prisms, and even Re-C and Re-N interatomic distances at the same pressures are 

very similar.[4,5] Contrary, the structures of ReC2 and ReN2
[5] have nothing in common and there 

are no signs of formation of rhenium polycarbides with more than two carbon atoms per a formula 

unit at least up to 180(7) GPa and 3000±300 K, unlike to the rhenium-nitrogen system.[13] Such 

differences can be linked a tendency of nitrogen to form di-nitrogen and poly-nitrogen anions 

(based on N4 units[13,31–33]) at high-pressures and high-temperatures (HPHT), whereas rhenium 

carbides do not reveal formation of polycarbon anions at such conditions.  

Nevertheless, there is a number of experimental works and theoretical predictions that 

suggest progressive polymerization of carbon atoms at high pressures.[34–39] In all cases 

polymerization results in formation of short (~1.6 Å or shorter) C-C bonds for single bonded 

carbon atoms. For hexagonal carbides hP-Re2C or hP-ReC at ~200 GPa, the C-C distances are 

longer than 2.5 Å, which suggest the absence of chemical bonding between carbon atoms in the 

crystal structure. In case of rhenium dicarbide, oF-ReC2, we observed formation of honeycomb-

like carbon layers, in which the shortest C-C distances (~1.76-1.85 Å) are much longer than 

expected for sp2- or sp3-bonded carbon atoms in inorganic compounds; still, in alkanes the C-C 

bond length as long as 1.704 Å has been detected.[40]  

 

Conclusion 

 

To summarize, we have extended the knowledge about the chemical interaction between 

rhenium and carbon to ~200 GPa. Two novel carbon-rich rhenium carbides – WC-type structured 

hP-ReC and TiSi2-type structured oF-ReC2 – were synthesized (hitherto only Re2C was known in 

the Re-C system). The fact that rhenium and carbon can produce numerous compounds at HPHT 

conditions should be taken into account upon planning of experiments in LHDACs at 

multimegabar pressures. 
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Experimental Procedures 

DAC preparation 

To shape secondary anvils for Experiment #1, we used the focused ion beam (FIB), the 

procedure of dsDAC alignment is described in detail in ref.[1]. A BX-90-type DAC[2] equipped 

with Boehler-Almax beveled diamonds with 40-μm culets was used for high pressure generation 

in the primary sample chamber. The secondary sample chamber of dsDAC was loaded with Re 

powder particles and neon served as a pressure-transmitting medium.[3] Secondary gasket was 

made of a Re foil indented to ~7 µm thickness with a hole of ~10 µm in diameter. In Experiment 

#2 we used BX-90-type DAC[2] equipped with Boehler-Almax beveled diamonds with 40-μm 

culets. Cell was loaded with FeO and Ne (pressure transmitting medium), compressed up to ~220 

GPa and laser heated up to ~2500 K. 

In order to study the compressional behavior of Re2C, single crystals of Re2C were 

synthesized by means of HPHT technique in a multi-anvil press at the Bayerisches Geoinstitut 

(Bayreuth, Germany). Single crystals with an average size of 0.01ˣ0.01ˣ0.01 mm3 were preselected 

on a three-circle Bruker diffractometer equipped with a SMART APEX CCD detector and a high-

brilliance Rigaku rotating anode (Rotor Flex FR-D, Mo-Kα radiation) with Osmic focusing X-ray 

optics.  Crystals of Re2C were loaded in BX-90 DAC equipped by diamonds with 250 μm culets’ 

size. Ne was loaded as pressure medium. The samples were studied by means of single-crystal X-

ray diffraction (SCXRD) on the synchrotron beamline 13IDD at the Advanced Photon Source 

(APS), Argonne, USA (Pilatus CdTe 1M detector, λ = 0.2952 Å). At each pressure step we have 

collected the data with a narrow 0.5° scanning step in the range from −38° to +38° with exposure 

time 0.5s/step. For first two pressure steps rotational datasets were collected twice. Until Ne has 

been solidified pressure has been measured by Ruby fluorescence.[4] Later Ne EOS reported by 

Fei et. al.[5] was used for pressure determination in the sample chamber. 

 

Data acquisition 

The single-crystal X-ray diffraction (SCXRD) experiments were conducted at the materials 

science (nano-) beamline ID11 at the European synchrotron radiation facility (ESRF) (Grenoble, 

France) (Frelon4M detector; λ=0.30996 Å; spot size 0.45ˣ0.45 µm2 at FWHM). 2D mapping of 

still XRD-images (without ω-oscillations) with exposure time 5s was performed around the sample 
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chamber in order to find the best spots for the data collection. SCXRD datasets were collected via 

DAC-rotation around ω-axis from -38˚ to 38˚ with angular step 0.5˚ and acquisition time 10 s/step.  

 

Data analysis 

In case of powder diffraction studies, calibration of instrument model and integration of 

diffraction patterns were made in the DIOPTAS software[6] using CeO2 powder standard (NIST 

SRM 674b). Integrated patterns from powder XRD experiments were processed using the Le Bail 

technique implemented in JANA2006 software.[7] X-ray diffraction imaging of sample chamber 

was reconstructed using XDI[8] program and map of still-images converted from ‘edf’ to ‘tif’ 

format. In case of SCXRD, integration of the reflection intensities and absorption corrections were 

performed in CrysAlisPro software[9] using a single crystal of orthoenstatite 

(Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 (space group Pbca, a=8.8117(2) Å, b=5.18320(10) Å, c=18.2391(3) 

Å) as calibration standard for refinement of instrument model.  Diffraction images were converted 

from ‘edf’ to the native CrysAlisPro format ‘ESPERANTO’ with Freac software.[10] Detailed 

information of integration parameters as well as about data reduction output files and indicators of 

the XRD data quality are given in ref.[11] The crystal structures were solved using Superfilp method 

in JANA2006, as starting model we used Patterson superposition map showing the best 

performance for elements with high Z. The coordinates of heavy (Re) atoms were calculated using 

an inverse Fourier transformation of structure factor Fhkl of the specific (for each phase) diffracted 

waves. The positions of carbon atoms were defined with manual analysis of residual electron 

density distribution. Crystal structures were refined by least-squares minimization of adjustable 

parameters. We performed isotropic refinement of atomic displacement parameters due to limited 

dataset collected in DAC. Reflections coming from parasite diffraction produced by diamonds and 

crystallized pressure media were omitted during the refinement procedure. Diamond 3.2 software 

was used for visualization of molecular graphics.[12]
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Figure S1. Photographs of the sample chamber in Experiments #1 taken after pulsed-laser heating at 

~3000 K (a – front and back light illumination, b – front illumination, c – back illumination) and Raman spectra 

of diamond anvil collected at different locations in pressure chamber (d). Image in reflected light (b) shows that 

secondary Re-gasket has lost characteristic metallic luster as result of chemical reaction with anvil. Semi-

transparent NCD secondary anvil is visible in transmitted light (c). Transparent area visible in transmitted light 

(a, c) is either due to direct contact between anvils or thin layer of Ne. Pressure determined from the Raman shift 

of the diamond anvil  is 200(10) GPa in the center of the culet (spectrum #1), and 196(10) GPa and 199(10) GPa 

at the edges (#2 and #3).[13] Raman spectra were recorded on LabRam system equipped with He-Ne (λ=632 nm) 

laser source. 
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Figure. S2. Diffraction images (highlighted by white rectangles on Figure 1) collected on the edge of the 

Re-gasket (a) and closer to the center of the sample chamber (b) in Experiment #1. Continuous powder diffraction 

rings (a) come from a non-laser-irradiated part of the Re gasket. The spots (b) belong to new rhenium carbide 

phases. Intense diffraction spots on the both images are from the diamond anvils. 
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Figure. S3. Representative X-ray diffraction patterns collected from the Re-gasket on the periphery of the sample chamber 

(wavelength λ=0.30996 Å) on ID11 at the ESRF. Powder diffraction data was processed using JANA2006 software. Red crosses are the 

experimental data, the blue curve is the simulated diffraction data, the black line shows the residual difference, and the vertical ticks -  the 

positons of Re reflections. Numbers designate the diffraction frames in accordance to the 2D map shown in Figure 1. Corresponding lattice 

parameters are provided in Table S1. 
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Table S1. Refined lattice parameters of Re obtained from diffraction data for a few experimental 

points on the gasket. Pressure was determined using the two EOS, reported in Dubrovinsky et al.[1] and 

Anzellini et al.[14] 

 

  

Frame a, Å c, Å V, Å3 P, GPa (EOS[1]) P, GPa (EOS[14]) 

#88 2.51064(18) 4.0301(9) 22.000(5) 239(1) 196(1) 

#128 2.51182(19) 4.0271(12) 22.004(7) 238(1) 196(1) 

#1722 2.51358(17) 4.0413(12) 22.113(7) 231(1) 189(1) 

#1762 2.5086(2) 4.0328(12) 21.978(7) 240(1) 197(1) 
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Table S2.  Details of the crystal structure refinements of rhenium carbide phases observed in 

Experiment #1 at 180(7) GPa. 

  

Composition Re2C ReC0.2 ReC ReC2 

Mr,. g/mol 384.4 188.6 198.2 210.2 

Crystal system, Hexagonal Hexagonal Hexagonal Orthorhombic 

Space group P63/mmc P63/mmc P-6m2 Fmmm 

Temperature (K) 293 293 293 293 

a (Å) 2.5860(9) 2.6028(12) 2.5510(9) 3.3367(10) 

b (Å) 2.5860(9) 2.6028(12) 2.5510(9) 4.3155(16) 

c (Å) 9.272(3) 4.161(2) 2.7048(11) 5.6220(13) 

α (˚) 90 90 90 90 

β (˚) 90 90 90 90 

γ (˚) 120 120 120 90 

V (Å3) 53.70(3) 24.41(2) 15.24(1) 80.95(4) 

Z 2 2 1 4 

F(000) 312 152 81 348 

Dx (g·cm−3) 23.775 25.657 21.593 17.249 

Radiation type Synchrotron, λ = 0.30996 Å 

µ (mm−1) 25.68 28.23 22.63 17.06 

Diffractometer ID11 @ ESRF 

Absorption correction Multi-scan (ABSPACK, CrysAlis PRO 1.171.40.53) 

No. of measured, 
independent and 
observed [I > 3σ(I)] 
reflections 

187, 46, 40 89, 29, 26 71, 35, 35 91, 36, 36 

Rint 0.065 0.016 0.007 0.021 

θ range values (˚) 4.0 to 15.1 3.9 to 14.5 4.0 to 17.3 3.7 to 16.7 

Range of h, k, l h = −4→4 
k = −3→2 
l = −14→14 

h = −4→4 
k = −3→3 
l = −4→5 

h = −3→3 
k = −3→3 
l = −3→3 

h = −4→4 
k = −5→5 
l = −8→8 

Refinement method Full matrix least squares on F2 

R[F2 > 2σ(F2)], wR(F2), S 0.039, 0.067, 1.54 0.043, 0.097, 3.72 0.045, 0.106, 3.97 0.043, 0.116, 3.43 

No. of parameters 4 3 3 4 

No. of restrains 0 0 0 0 

Δρmax, Δρmin (e·Å−3) 4.59, −7.15 4.13, −7.5 6.47, −6.87 5.62, −5.54 
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Figure. S4. (a) Reconstructed reciprocal lattice planes of Re-C compounds observed in Experiment #1: 

(a) – hP-Re2C, (b) – WC-type structured ReC, (c) – oF-ReC2 and (d) – hP-ReC0.2. Intense powder diffraction rings 

on (c) are due to parasitic scattering from Re-gasket, whereas weaker rings (d) represent the formation of an 

interstitial solid solution ReC0.2. 
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Table S3. Fractional atomic coordinates and isotropic displacement parameters (Å2) of Re2C at 

180(7) GPa. 

 

Table S4. Selected geometric parameters of Re2C at 180(7) GPa. 

Distances: 

Re1—Re1i 2.586(3) Re1—Re1viii 2.482(2) 

Re1—Re1ii 2.5860(18) Re1—Re1ix 2.482(2) 

Re1—Re1iii 2.5860(18) Re1—Re1x 2.653(3) 

Re1—Re1iv 2.5860(18) Re1—C1iii 1.997(16) 

Re1—Re1v 2.5860(18) Re1—C1 1.9972(12) 

Re1—Re1vi 2.586(3) Re1—C1v 1.9972(16) 

Re1—Re1vii 2.482(2) 
  

Symmetry codes: (i) x−1, y−1, z; (ii) x−1, y, z; (iii) x, y−1, z; (iv) x, y+1, z; (v) x+1, y, z; (vi) x+1, y+1, z; (vii) 

y, x−1, −z+1; (viii) y, x, −z+1; (ix) y+1, x, −z+1; (x) −y+1, −x+1, −z+3/2; (xi) −y, −x+1, −z+3/2; (xii) −y+1, −x+2, 

−z+3/2 

 

  

 x y z Occupancy Wyckoff 

osition 

Uiso*/Ueq 

Re1 0.666667 0.333333 0.60693 (16) 1 4f 0.0075 (4)* 

C1 0.333333 0.666667 0.75 1 2d 0.06 (3)* 
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Table S5. Fractional atomic coordinates and isotropic displacement parameters (Å2) of WC-type 

structured ReC at 180(7) GPa. 

 

Table S6. Selected geometric parameters of WC-type structured ReC at 180(7) GPa. 

 

Symmetry codes: (i) x−1, y−1, z; (ii) x−1, y, z; (iii) x, y−1, z; (iv) x, y, z−1; (v) x, y, z+1; (vi) x, y+1, z; (vii) 

x+1, y, z; (viii) x+1, y+1, z; (ix) x−1, y, z−1; (x) x, y+1, z−1; (xi) x, y−1, z+1; (xii) x+1, y, z+1. 

 

Table S7. Fractional atomic coordinates and isotropic displacement parameters (Å2) of ReC2 at 

180(7) GPa. 

 

 

  

 x y z Occupancy Wyckoff  position Uiso*/Ueq 

Re1 0.333333 0.666667 0.5 1 1d 0.0076(7)* 

C1 0.666667 0.333333 1 1 1e 0.005(10)* 

Distances: 

Re1—Re1i 2.551(3) Re1—Re1viii 2.551(3) 

Re1—Re1ii 2.5510(18) Re1—C1ix 1.9995(13) 

Re1—Re1iii 2.5510(18) Re1—C1ii 1.9995(13) 

Re1—Re1iv 2.705(2) Re1—C1iv 1.9995(8) 

Re1—Re1v 2.705(2) Re1—C1 1.9995(8) 

Re1—Re1vi 2.5510(18) Re1—C1x 1.9995(13) 

Re1—Re1vii 2.5510(18) Re1—C1vi 1.9995(13) 

 x y z Occupancy Wyckoff  

position 

Uiso*/Ueq 

Re1 0 0 0 1 4a 0.0055(7)* 

C1 0 0 −0.321(12) 1 8i 0.022(11)* 
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Table S8.  Geometric parameters (Å, º) of ReC2 at 180(7) GPa. 

Symmetry codes: (i) x, y−1/2, z+1/2; (ii) x, y+1/2, z+1/2; (iii) x−1/2, y, z+1/2; (iv) x+1/2, y, z+1/2; (v) −x, y, 

−z; (vi) −x, y−1/2, −z−1/2; (vii) −x, y+1/2, −z−1/2; (viii) −x−1/2, y, −z−1/2; (ix) −x+1/2, y, −z−1/2; (x) −x, y, −z−1; 

(xi) x, y−1/2, z−1/2; (xii) x, y+1/2, z−1/2; (xiii) x−1/2, y, z−1/2; (xiv) x+1/2, y, z−1/2. 

  

Distances: 

Re1—C1 1.805(7) Re1—C1v 1.948(4) 

Re1—C1i 1.948(4) C1—C1vi 2.013(9) 

Re1—C1ii 1.948(4) C1—C1iv 1.850(4) 

Re1—C1iii 1.805(7) C1—C1v 1.850(4) 

Re1—C1iv 1.948(4)   

Angles: 

C1—Re1—C1i 121.0(13) Re1—C1—Re1vii 121.0(13) 

C1—Re1—C1ii 121.0(13) Re1—C1—Re1viii 121.0(13) 

C1—Re1—C1iii 180.0(5) Re1—C1—C1vi 180.0(5) 

C1—Re1—C1iv 59.0(13) Re1—C1—C1iv 64(2) 

C1—Re1—C1v 59.0(13) Re1—C1—C1v 64(2) 

C1i—Re1—C1ii 118.1(18) Re1vii—C1—Re1viii 118(3) 

C1i—Re1—C1iii 59.0(13) Re1vii—C1—C1vi 59.0(13) 

C1i—Re1—C1iv 61.9(18) Re1vii—C1—C1iv 56.8(14) 

C1i—Re1—C1v 180.0(5) Re1vii—C1—C1v 175(3) 

C1ii—Re1—C1iii 59.0(13) Re1viii—C1—C1vi 59.0(13) 

C1ii—Re1—C1iv 180.0(5) Re1viii—C1—C1iv 175(3) 

C1ii—Re1—C1v 61.9(18) Re1viii—C1—C1v 56.8(14) 

C1iii—Re1—C1iv 121.0(13) C1vi—C1—C1iv 116(2) 

C1iii—Re1—C1v 121.0(13) C1vi—C1—C1v 116(2) 

C1iv—Re1—C1v 118.1(18) C1iv—C1—C1v 128(3) 
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Table S9. Fractional atomic coordinates and isotropic displacement parameters (Å2) of ReC0.2 at 

180(7) GPa. 

 

Table S10. Selected geometric parameters of ReC0.2 at 180(7) GPa. 

Distances: 

Re1—Re1i 2.603(4) Re1—Re1x 2.5666(17) 

Re1—Re1ii 2.603(2) Re1—Re1xi 2.567(2) 

Re1—Re1iii 2.603(2) Re1—Re1xii 2.567(2) 

Re1—Re1iv 2.603(2) Re1—C1ii 1.8277(17) 

Re1—Re1v 2.603(2) Re1—C1 1.8277(8) 

Re1—Re1vi 2.603(4) Re1—C1iv 1.8277(17) 

Re1—Re1vii 2.567(2) Re1—C1viii 1.8277(17) 

Re1—Re1viii 2.567(2) Re1—C1xiii 1.8277(8) 

Re1—Re1ix 2.5666(17) Re1—C1xii 1.8277(17) 

Symmetry codes: (i) x−1, y−1, z; (ii) x−1, y, z; (iii) x, y−1, z; (iv) x, y+1, z; (v) x+1, y, z; (vi) x+1, y+1, z; (vii) 

−x+1, −y, z−1/2; (viii) −x+1, −y, z+1/2; (ix) −x+1, −y+1, z−1/2; (x) −x+1, −y+1, z+1/2; (xi) −x+2, −y+1, z−1/2; (xii) 

−x+2, −y+1, z+1/2; (xiii) −x+2, −y, z+1/2; (xiv) −x+2, −y, z−1/2. 

  

 x y z Occupancy Wyckoff position Uiso*/Ueq 

Re1 0.666667 0.333333 0.25 1 2d 0.0085 (7)* 

C1 1 0 0 0.2 2a 0.01 (3)* 
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Fig. S5. Pressure dependence of the unit cell volume of hP-Re2C (a) (blue circles represent experimental 

data, solid blue line - fitted EOS). Normalized pressure - Eulerian strain (FE-f) plot (b) based on 3rd order Birch-

Murnaghan equation of state of Re2C (V0=69.18(4), K=375 (15) GPa, K’=5.0(1) 

 

Table S11. Experimental lattice parameters of Re2C obtained during compression in diamond anvil 

cell (DAC). 

 V(Ne), Å3 P, GPa a,  Å c,  Å V,  Å3 

1 ̶ 2.76 (Ruby) 2.8355(4) 9.864(16) 68.68(11) 

2 2.8379(6) 9.853(19) 68.72(13) 

3 43.956(6) 11.71(1) 2.8146(4) 9.798(14) 67.22(9) 

4 2.8160(5) 9.775(15) 67.13(12) 

5 41.335(7) 15.45(2) 2.8079(5) 9.76(2) 66.64(14) 

6 36.520(6) 26.41(2) 2.7823(4) 9.71(2) 65.11(13) 

7 34.720(7) 32.58(2) 2.7714(4) 9.671(15) 64.33(10) 

8 33.942(9) 35.79(4) 2.7683(5) 9.649(16) 64.04(11) 

9 33.040(9) 39.96(5) 2.7573(6) 9.64(2) 63.47(14) 

10 31.999(8) 45.48(5) 2.7502(4) 9.611(13) 62.95(9) 

11 31.289(9) 49.76(6) 2.7443(4) 9.566(16) 62.39(10) 
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Fig. S6. Reconstructed reciprocal lattice planes: (-1k1) (a) and (h0l) of TiSi2-type structured oF-ReC2 

showing strong diffuse scattering along b-axis (a). 
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Abstract 
 

Here we report on the synthesis of a high-pressure (HP) polymorph of CaC2 and a novel 

compound Ca3C7. The synthesis was realized at high-pressure high-temperature conditions, and 

the structures of the both phases (at 44(1) and 147((2) GPa for HP-CaC2 and at 38 GPa for Ca3C7) 

were solved and refined using single-crystal synchrotron X-ray diffraction analysis. The structures 

mailto:saiana.khandarkhaeva@uni-bayreuth.de
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of HP-CaC2 and Ca3C7 contain deprotonated polyacene-like and para-poly(indenoindene)-like 

nanoribbons, respectively, which have never been observed before. 

 

Introduction 
 

Richness of carbon chemistry and the existence of the vast number of organic compounds 

in nature are due to unlimited carbon catenation. Polycyclic aromatic hydrocarbons (PAHs) 

consisting of the finite number of fused aromatic rings give rise to various classes of polymeric 

compounds, if a PAH is extended into a polymer. For example, a particular class of fully 

conjugated ladder polymers (CLPs) is represented by an extension of indenofluorene into a 

polymer, that is poly(indenoindene) (PInIn)1, where the alternation of five- and six-member rings 

gives rise to a ladder structure. Although its targeted synthesis has remained elusive so far, very 

recently on-surface synthesis of para-type oligo(indenoindene) (p-OInIn) was realised through a 

sequence of thermally activated reactions from an organic precursor2. If CLPs can be obtained 

through inorganic synthesis and if they can be synthesised in a crystalline form are the questions 

of interest per se, as they are fundamental for carbon chemistry. To explore this problem a suitable 

model system should be found. Why metal carbides are likely to be the systems of choice is 

explained below. 

Known metal carbides contain the simplest carbon anions: isolated carbon atoms C4-or 

[C2]
2--dumbbells (CaC2, SrC2, BaC2, YC2, LaC2, La2C3, CeC2, TbC2, YbC2, and LuC2

3–6) and 

linear trimers [C3]
4- (Mg2C3, Me4C7 (Me = Y, Ho, Er, Tm, Lu), Sc3C4 , and Ln3C4 (Ln = Ho - Lu)7–

10), which have the same carbon skeleton as methane, acetylene, and allene. High pressure alters 

the bonding patterns in carbides, leading to new compounds with unusual structural units and 

interesting properties. Considering that for the binary systems Mg-C11, Ca-C12, Y-C13, and La–C14 

ab initio structure search predicts the formation of unusual metal carbides with exotic [C4], [C5] 

units,  [C6] rings, graphitic carbon sheets, and a number of structural transitions, studying them 

under compression might enable exploring the catenation of carbon. 

Calcium carbides have been in focus of high-pressure research during recent years. CaC2 

is of a particular interest, as it is characterised by rich polymorphism. Three polymorphs of CaC2 

known at ambient conditions15 (CaC2-I, CaC2-II, CaC2-III) feature common for acetylides [C2]-

dumbbells, but carbon starts to polymerize at relatively low pressures, and at about 7 GPa CaC2 
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transforms into a metallic phase (space group Cmcm) featuring 1D zig-zag polymeric carbon 

chains, as established using Raman spectroscopy and X-ray diffraction (XRD)16. Theory predicts 

further structural transformations in CaC2 upon pressure increase coupled with the progressive 

polymerization of carbon atoms. According to calculations by Li et al.17, above 20 GPa the 

structure of CaC2 should have P1̅ symmetry and contain infinite carbon strips built of 

interconnected pairs of fused five-member rings. This phase should be thermodynamically stable 

up to 37 GPa17. Above this pressure, according to the calculation, metallic P1̅ -CaC2 transforms 

into metallic Immm-CaC2
17,18, in which carbon atoms are polymerized to form infinite quasi-1D 

ribbons built of fused 6-member rings. The latter prediction is of a particular interest, as the 

suggested carbon catenation in Immm-CaC2
17,18 resembles deprotonated polyacene-like 

nanoribbons.   

Here, we report the results of high-pressure high-temperature (HPHT) studies of CaC2 in 

laser-heated diamond anvil cells (LHDACs) performed using synchrotron single-crystal X-ray 

diffraction (SCXRD) up to ~150 GPa at temperatures up to ~3000 K. For the first time, the 

predicted Immm-CaC2
17,18

 polymorph of CaC2 was synthesized, its crystal structure was solved 

and refined on the basis of SCXRD data. A novel Ca3C7 compound, never anticipated or observed 

before, with the orthorhombic crystal structure (space group Pnma), featuring infinite, fully 

deprotonated para-poly-indenoindene (p-PInIn)-like chains, was synthesized and characterized 

using SCXRD.  Experimental results of the present study were supported by DFT calculations, in 

which full structure optimization was performed for the both compounds, CaC2 and Ca3C7. The 

optimized crystal structures are in a very good agreement with the experimentally determined ones. 

 

Methods 
 

Sample preparation. Calcium carbide in form of pieces (thickness <10 mm, typically, 

technical grade, ~80%) was purchased from Sigma-Aldrich. Single crystals with an average size 

of ~0.05×0.05×0.01 mm3 were preselected in house, on a three-circle Bruker diffractometer 

(SMART APEX CCD detector, Ag-Kα radiation, wavelength λ=0.5594 Å) installed in 

Bayerisches Geoinstitut (BGI, Bayreuth, Germany). The XRD showed a phase purity of the 

selected samples, no other phases except CaC2-I
15 were detected during the preselection of crystals. 

All manipulations with the CaC2-I pieces were conducted in paraffin oil to avoid their 
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contamination by the air moisture. Further, the single crystals of CaC2 were loaded into the BX-90 

diamond anvil cell19 (DAC) equipped with pairs of Boehler-Almax diamonds with culets’ 

diameters of 250 µm or 120 µm. The gasket was made of chemically pure Re-foil indented to ~25 

μm thickness with a hole in the center of the indent of ~110 or ~60 μm in diameter. Paraffin oil 

was used as a pressure-transmitting medium. In house, laser heating was performed in a continuous 

mode using double-sided laser-heating setup at the BGI20. The NIR laser beam (λ=1070 nm) was 

focused to ~ a 5-µm spot, temperature was determined according to the grey body approximation 

of Planck’s law.  

Synchrotron X-ray diffraction studies.  High-pressure SCXRD experiments were 

conducted on the Extreme Conditions Beamline P02.2 at PETRA III, Hamburg, Germany 

(λ=0.2895 Å, beam size ~1.5×1.7 μm2 at FWHM, PerkinElmer XRD1621 detector); on the 13-

IDD beamline at the Advanced Photon Source (APS), Chicago, USA (λ = 0.2952 Å, beam size 

~3×3 μm2, Pilatus CdTe 1 M detector); on material science beamline ID11, ESRF, Grenoble, 

France (λ = 0.2852 Å, beam size ~0.5×.5 μm2, Eiger 4M CdTe detector). Prior to collection of 

SCXRD datasets, a 2D X-ray mapping was performed over the heated area in order to find the best 

spots for the data acquisition. During the SCXRD measurements, the DACs were rotated about the 

vertical ω-axis in a range of ±38˚, and the diffraction images were recorded with an angular step 

of Δω = 0.5˚. 

XRD data processing. The analysis of powder diffraction patterns was done using the 

DIOPTAS software; a CeO2 powder standard (NIST SRM 674b) was used for adjustment of the 

instrument model. 2D XRD mapping data were processed using XDI program. The SCXRD data 

analysis, including the indexing of diffraction peaks, data integration, frame scaling, and 

absorption correction, was performed using CrysAlisPro software package21. A crystal of 

orthoenstatite (Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 (space group Pbca, a=8.8117(2) Å, b=5.18320(10) Å, 

c=18.2391(3) Å) was used as a calibration standard for refinement of the instrumental parameters 

of the diffractometer (the sample-to-detector distance, the detector’s origin, offsets of the 

goniometer angles and rotations of the X-ray beam and the detector around the instrument axis). 

The structures of novel phases were solved with the SHELXT22 structure solution program using 

intrinsic phasing and refined with the Jana2006 program23. Crystal structure visualization was 

made with the VESTA software24.  
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Raman spectroscopy. The spectra were collected using DilorXY system equipped with the 

Ar (the excitation wavelength 638 nm) laser source. The laser power in the range of 15–50 mW 

was applied. Raman spectra were collected in the region 1100 – 2000 cm-1 by means of 5 

accumulations for 30 seconds each. The frequency resolution was 2 cm-1. 

DFT calculations. The properties of the systems were determined via the first-principles 

calculations using Kohn-Sham density functional theory (DFT) with the generalized gradient 

approximation (GGA) by Perdew–Burke–Ernzerhof (PBE)25 for the exchange–correlation energy 

implemented within the projector-augmented wave (PAW) method26 for describing the interaction 

between the core and the valence electrons in the Vienna ab initio simulation package (VASP)27. 

We used the Monkhorst–Pack scheme with 4×6×6 k-points for Brillouin zone sampling and energy 

cutoff for the plane wave expansion of 800 eV, with which total energies are converged to better 

than 2 meV/atom. Computations were performed for eight volumes that cover the pressure range 

of 0-100 GPa for Ca3C7 and of 0-150 GPa for HP-CaC2. Harmonic lattice dynamics calculations 

were performed with the Phonopy software using the finite displacement method28. 

 

Results 
 

Six diamond anvil cells with the samples were prepared as described above. Each of these 

DACs was used in a few, up to 3, experiments. DACs #1 through #5 were pressurized to ~40-50 

GPa, and DAC #6 to ~90 GPa. All DACs were laser heated in home laboratory at the BGI. 

Additionally, DAC#1 and DAC#4 were reheated at the synchrotron beamline at the APS in order 

to increase the amount of recrystallized material. A summary of all experiments presented in this 

work, including pressure-temperature (P-T) conditions of the synthesis and the unit cell parameters 

of all observed phases, is given in Supplementary Table S1.   

Upon compression to the target pressure, we performed Raman spectroscopy 

measurements of the starting material (Supplementary Fig. S1a). The spectrum, recorded at 3.3 

GPa from the sample in the DAC #1 reveals the vibrational modes which can be assigned to the  
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Figure 1. Crystal structure of HP-CaC2 at 44(1) GPa. (a) A ball and stick model with the unit cell outlined; 

calcium atoms are shown as white spheres, and carbon atoms as red and blue balls for two distinct crystallographic 

positions, C1 (Wyckoff site 4g) and C2 (4h), respectively. (b) The geometry of a single deprotonated poly-acene 

nanoribbon; the C-C distances are labeled. Cross-sections of the calculated electron localization function (ELF) 

are shown in the planes perpendicular (c) and parallel (d) to the polyacene nanoribbons. 

 

two CaC2 polymorphs, tetragonal CaC2-I
16,29 and monoclinic CaC2-II

16,29. Indeed, at ambient 

conditions, the A1g mode of CaC2-I and the Ag and Bg modes of CaC2-II are known to be of 1859 

cm-1, 1871 cm-1, and 1874 cm-1, respectively.29 The Raman modes we observed at 3.3 GPa (1865 

cm-1 and 1875 cm-1) are slightly shifted to the higher frequencies, as expected to happen under 

compression. Above ~5 GPa, CaC2-II is known to transform into CaC2-I, thus, the vibrational 

mode of CaC2-II should not be present in the spectrum above this pressure. This is in accordance 

with our observation, as the Raman spectrum at 9.7 GPa features a single peak. At ~25 GPa Raman 

spectrum becomes featureless, suggesting amorphization of CaC2.
16 As CaC2-II was not detected 

by XRD in preselected crystals, we assume that only a minor amount of this phase was present in 

the sample loaded into the DAC. 

Microphotographs taken during compression reveal changes in the sample visual 

appearance (Supplementary Fig. S1b): the crystal, which was initially transparent (3.3 GPa), 

becomes translucent at ~10 GPa and then opaque above ~25 GPa. Such changes can be attributed  
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Figure 2. Crystal structure of Pnma-Ca3C7 at 38(1) GPa. (a) A projection of the Ca3C7 structure along the 

a-axis, emphasizing 2D chains of carbon atoms aligned along the b-axis. Calcium atoms are shown as white 

spheres, carbon atom as red and blue balls for two distinct crystallographic positions C1 (4c) and C2 (8d), 

respectively. Carbon atoms, named C3 (8d) and C4 (8d), are shown as gray balls. (b) The geometry of a single 

deprotonated para-poly(indenoindene) (p-PInIn) chain with the C-C distances labeled. (c) and (d) Cross-sections 

of the calculated electron localization function (ELF) are shown in the two different planes containing p-PInIn 

chains.  

 

to the partial band gap closure in CaC2 upon compression that is supported by resistivity 

measurements performed by Zheng et al.30 

After the target pressure in the DACs was achieved, the CaC2 samples were laser heated 

that led to formation of numerous good-quality crystalline domains of new phases. That enabled 

room-temperature SCXRD data collection and processing using standard methods of SCXRD data 

analysis (see Methods and Figs. S2 and S3) that resulted in finding two previously unknown 

phases: a high-pressure polymorph of CaC2 (we will further call it HP-CaC2) and a new Ca-C 

compound Ca3C7. A summary of all experiments is provided in Supplementary Table S1. The 
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results of different experiments are mutually consistent and reproducible. The structures of the 

new solids were solved and refined using the best quality SCXRD datasets obtained at 38(1) GPa 

for Ca3C7 and at 44(1) GPa and 147(2) GPa for HP-CaC2 (see Tables S2 through S5). They are 

described in detail below. 

Crystal structure of the high-pressure CaC2 polymorph  

The structure of the novel high-pressure CaC2 (HP-CaC2) polymorph has an orthorhombic 

unit cell (space group Immm, Z=4) with the lattice parameters a=2.5616(3) Å, b=6.0245(17) Å, 

c=6.6851(15) Å at 44(1) GPa (Fig. 1a, Table S2). There are four calcium atoms in the unit cell 

(Fig. 1a), which occupy Wyckoff site 4i (0,0,0.2041). The Ca-C distances to the ten nearest carbon 

atoms vary from ~2.44 Å to ~2.46 Å at 44(1) GPa. Carbon atoms occupy two distinct 

crystallographic positions (Fig. 1a, b): C1 - 4g (0, 0.3819, 0) and C2 - 4h (0, 0.2397, 0.5). They all 

are polymerized forming infinite nanoribbons of fused planar six-member rings (Fig. 1b). These 

planar ribbons, lying in the ab plane, are oriented along the a-axis. Thus, the structure can be 

described as an alternation of layers containing carbon nanoribbons, and layers of calcium atoms 

along the c-axis. The described arrangement of carbon atoms gives rise to an exotic for any known 

carbide poly-C entity: a [C4]
4- unit with a formal charge of 4−, similar to deprotonated polyacene 

(Supplementary Fig. S4). The refined at 44(1) GPa C-C distances in hexagons are 1.41 Å and 

1.476 Å for C1-C1 and C1-C2 bonds, respectively. The two angles in in the hexagon are equal to 

120.5°, while the other four are of 119.8° (Fig. 1b). 147(2) GPa. It has shown that upon 

compression the C6-ring symmetrized: the two bond lengths, which were different at 44(1) GPa, 

became identical and equal to ~1.41 Å at 147(2) GPa, as predicted in ref. 28. 

The pressure dependence of the unit cell volume for HP-CaC2 was derived from DFT 

calculations as shown in Fig. 3a, and could be described by the third-order Birch–Murnaghan 

equation of state (EoS) with the parameters V0 =127.17(2) Å3, K=144.5(2) GPa, and K´=3.92(1). 

The experimental P-V data points, as well as the data on the pressure dependence of the unit cell 

parameters (see Table S1) are in a good agreement with theoretical calculations (Fig. 3a). As seen 

in Fig. 3, HP-CaC2 experiences an anisotropic contraction upon compression with the most 

compressible direction along the c-axis and the least compressible along a-axis, i.e. 

perpendicularly and parallel to polyacene-like nanoribbons, correspondingly (Fig. 3a).  
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Figure 3. Pressure dependence of the lattice parameters and the unit cell volume for two Ca-C compounds. 

(a) HP-CaC2; (b) Ca3C7. Solid symbols are experimental data points; dashed curves represent theoretical data; 

the black dashed lines are the fit of the calculated PV data using the Birch–Murnaghan equations of state with 

following parameters: V0=127.17(2) Å3, K=144.5(2) GPa, and K´=3.92 for HP-CaC2; and V0=432.0(2) Å3, 

K=125(1) GPa, K´=4 (fixed) for Ca3C7. 

 

Crystal structure of the novel high-pressure compound Ca3C7  

Laser-heating of CaC2 in paraffin oil at pressures of ~40 GPa results in the appearance of 

new diffraction peaks, which do belong neither to HP-CaC2 nor to B1-CaO. Indexing reveals an 

orthorhombic unit cell with the lattice parameters a=4.762(4) Å, b=8.3411(11) Å, and 

c=8.8625(13) Å at 38(1) GPa (space group Pnma) (see Supplementary Fig. S3, Table S2). The 

structure solution and refinement suggest Ca3C7 stoichiometry with four formula units per a unit 

cell. Such a compound has never been synthesized or theoretically predicted hitherto. There are 

two independent crystallographic positions of calcium atoms in the crystal structure of Ca3C7: Ca1 

on the Wyckoff site 4c (0.0519, 0.25, 0.33981) and Ca2 on the Wyckoff site 8d (0.19584, 0.57441, 

0.35335). Carbon atom C1 is at the Wyckoff position 4c (0.19090, 0.25, 0.19090). Other carbon 

atoms, C2 (0.2160(9), 0.0533(2), 0.1206(2)), C3 (0.1821(9), 0.6126(2), 0.0646(2)) and C4 
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(0.0171(9), 0.1627(2), 0.04895(19)) occupy there independent Wyckoff sites 8d (x,y,z). In the 

crystal structure of Ca3C7 carbon atoms form infinite non-planar chains made of fused distorted C6 

and C5 rings, which are isomorphous to deprotonated para-type poly(indenoindene) (p-PInIn) 2 

(Fig. 2a, b). The projection on the [011] plane visualizes the alternation of layers of calcium atoms 

with deprotonated p-PInIn carbon chains (Fig. 2a). To the best of our knowledge, such type of 

poly-C entity has never been predicted or reported for any of metal carbides known in inorganic 

chemistry. There are five different C-C distances in the complex [C14]
12- polyanion (Supplementary 

Fig. S5), at 38(1) GPa the shortest and the longest C-C bonds are equal to 1.431 Å and 1.479 Å, 

correspondingly. Unlike to C6-ring in deprotonated polyacene nanoribbon in HP-CaC2, the 

hexagon in p-PInIn anion in Ca3C7 exhibits pronounced distortion, where two angles strongly 

deviate from 120˚ and are equal to 111.6˚. These modest differences underline a subtle, but 

recognizable dissimilarity in their chemical environment, namely the complexity of poly-C species 

and their coordination with the Ca2+ ions. 

The pressure dependence of the unit cell parameters and the unit cell volume of Ca3C7 has 

been established by theoretical calculations. The compressional behavior of Ca3C7 is highly 

anisotropic with least compressible direction along the b-axis, parallel to deprotonated p-PInIn 

chains (Fig.3b). The calculated PV-data could be fitted by the second-order Birch–Murnaghan EoS 

with the parameters V0 =432.0(2) Å3, K=125(1) GPa, and K´=4(fixed). The unit cell parameters 

derived from four independent SCXRD experiments, conducted at various pressures from 30 to 47 

GPa (Supplementary Table 1) show a good agreement with the calculated EoS (Fig. 3b). 

Electronic structure of HP-CaC2 and Ca3C7 

HP-CaC2  

The crystal structure of experimentally observed HP-CaC2 is in a very good agreement with 

recent theoretical predictions17,18. Harmonic phonon dispersion calculations reveal that HP-CaC2 

is dynamically stable at its synthesis pressure of 44(1) GPa (Fig. 4a). The calculated electron 

density of states shows that HP-CaC2 is metallic and the main contributions at the Fermi level 

come from the Ca 3d and C 2p states (Fig. 4c). The computed charge density was analyzed in 

terms of the electron localization function (ELF), which revealed a strong covalent bonding 

between carbon atoms within deprotonated poly-acene nanoribbons, and ionic bonds between Ca1 
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and C2 atoms (Fig. 1c, d). Bader charge analysis for Ca1, C1, and C2 atoms yields values of 1.191, 

-0.378, and -0.813 (Supplementary Table S3), respectively.  

 

Ca3C7  

Ca3C7 solid also remains dynamically stable at its synthesis pressure of 38(1) GPa (Fig. 

4b). The calculated electron density of states suggests it to be a narrow-band p-type semiconductor 

(Fig. 4d). Computed ELF charge shows a formation of covalent bonds between carbon atoms in 

deprotonated p-PInIn carbon chains, and a strong ionic interaction between Ca and C atoms (Fig. 

2c, d). Bader charge analysis for Ca1, Ca2 atoms yields values of 1.227, 1.232; for C1, C2, C3, C4 

atoms: -0.718, -0.798, -0.338, -0.351, respectively (Supplementary Table S4). 

 

Discussion 
 

A possibility for polymeric-carbon structures in alkali metal carbides has been suggested 

in a number of theoretical works on the Li-C18, Ca-C17,18, Mg-C31 systems. However, complex 

polymeric carbon anions have never been observed experimentally. HP-CaC2 is the first example. 

It was synthesized at pressures of ~40 GPa that is within the suggested range of its thermodynamic 

stability17, which was proposed to extend to 105 GPa. At higher pressures, a MgB2-type structure 

was predicted to be more stable17. However, we did not observe it. Instead, HP-CaC2 was preserved 

to ~150 GPa, as revealed by our SCXRD data.  

The C-C distances in [C4]
4- in HP-CaC2 at 44(1) GPa are 1.42 Å and 1.476 Å. They are 

larger than expected for double- (~1.34 Å) and 1.5- bonded (∼1.39 Å) carbon atoms, as known in 

ethylene and benzene, respectively. This leads us to the conclusion that the C-C bond orders in 

HP-CaC2 are non-integer and should be in the range of 1.0–1.5 in analogy to γ-Y4C5
32. 

Ca3C7 solid contains unique poly-C anion, that has never been predicted before. According 

to charge balance considerations the total formal charge of deprotonated p-PInIn-like [C14] anion 

should be -12, based on formula 6·Ca2+[C14]
12-. The lengths of C-C bonds at 38(1) GPa in this 

poly-anion (1.43-1.48 Å) suggest their order to be in the range of 1.0–1.5. Remarkably, they are 

close to the bond lengths in carbon pentagons in P-1 CaC2, predicted by Li et al. at 20 GPa. Also  
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the length of C-C contacts (1.46-1.57 Å at ambient conditions) in a predicted for MgC2
31 

poly-anionic entity containing C5 pentagons, is similar to those in Ca3C7. The average length of C-

C bonds in the distorted C6-ring of p-PInIn-like [C14]
12- anion is much longer than in fluorene33 

(~1.46 Å at 38 (1) GPa in [C14]
12- vs 1.40 Å at atmospheric pressure in C13H10). However, the 

average bonds length in the C5 ring in Ca3C7 at 38(1) GPa is equal to the average bonds length in 

pentagon in fluorene at ambient conditions (~1.44 Å). 

To explore the thermodynamic stability of HP-CaC2 and Ca3C7 in comparison to other 

calcium carbides, a convex hull was constructed for the binary Сa-C system at pressure of ~40 

GPa considering predicted phases17. The formation enthalpies of the compounds Ca + x ∙ C →

CaCx are calculated relative to the DFT total energies of the end-member elements Ca34 and C as 

 

Figure 4. Results of DFT-based calculations for HP-CaC2 at 44(1) and Ca3C7 at 38(1) GPa. Calculated 

phonon dispersion curves for HP-CaC2 (a) and Ca3C7 (b). Calculated electron density of states of for HP-CaC2 (c) 

and Ca3C7 (d); the Fermi energy level was set at 0 eV. 
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∆Hformation = (HCaCx
-HCa-x ∙ Hc)/(1 + x). The both observed in the present study phases lie on 

the convex hull and therefore are thermodynamically stable at P =40 GPa (Fig. 5). Notably, that 

HP-CaC2 also remains thermodynamically stable at P =140 GPa (Supplementary Fig. S6). 

Although an attempt to recover HP-CaC2 and Ca3C7 at ambient conditions was unsuccessful, 

according to our calculations, the compound should be dynamically stable even at atmospheric 

pressure (Supplementary Fig. S7). Therefore, their stabilization can be potentially achieved 

through low-temperature decompression. 

 

 Conclusions 
 

In the present work we performed high-pressure high-temperature studies of CaC2 in laser-

heated diamond anvil cells using synchrotron single-crystal X-ray diffraction. They revealed two 

new materials with unique crystal structures. The high-pressure polymorph of CaC2 with the 

previously predicted Immm structure was synthesized in the pressure range of ca. 44 through 150 

GPa at temperatures between ca. 2300 and 3300 K. Its crystal structure containing infinite fully 

deprotonated polyacene-like nanoribbons was solved and refined, and its compressional behaviour 

was studied at room temperature. A novel Ca3C7 compound, never anticipated or observed before, 

 

Figure 5. The calculated convex hull for the Ca-C binary joint with predicted and observed calcium 

carbides at 40 GPa. The phases HP-CaC2 and Ca3C7 lie on the convex hull (black dashed line) and are, thus, 

thermodynamically stable. Phases Ca2C3 (P-1), Ca2C3 (C2/m) and CaC2 (P6/mmm) are off the convex hull and, 

therefore, unstable. 
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was synthesized and characterized using SCXRD at ca. 40 GPa. Its orthorhombic crystal structure 

featues infinite, fully deprotonated para-poly-indenoindene (p-PInIn)-like chains. 
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Fig. S1. Raman spectra (a) and microphotographs (b) of a CaC2 sample taken upon its compression at room 

temperature in DAC #1. Raman spectra (a) were recorded on using DilorXY system equipped with the Ar (the 

excitation wavelength 638 nm) laser source. Black and gray ticks highlight vibrational modes of two polymorphs: 

tetragonal CaC2-I and monoclinic CaC2-II. Microphotographs (b) reveal changes in the visual appearance of the 

sample with increasing pressure: initially transparent crystal becomes translucent at ~10 GPa and then opaque 

above ~25 GPa. 

 

 

  



Chapter 6.2. Supporting Information 

 

210 

 

  

 

 

Fig. S2. Reciprocal space reconstruction of the (h1l) plain fot the single-crystal domain of the high-

pressure CaC2 polymorph (HP-CaC2, space group Immm) observed after laser heating of CaC2 at 2400(100) K at 

44(1) GPa. Black circles. They belong to a single grain of the best quality. 
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Fig. S3. Reciprocal space reconstruction of the (1kl) the single-crystal domain of the Ca3C7 phase 

observed after laser-heating of CaC2 at 2350(150) K at 38(1) GPa. Diffraction peaks, which belong to the single-

crystalline grain of the best quality used for structure solution and refinement, are seen at the nodes of the 

reciprocal lattice.  
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Fig. S4. A comparison of carbon poly-anion in the crystal structure of HP-CaC2 (a) and polyacene (b). 

 

  

Fig. S5. A comparison of carbon poly-anion in the crystal structure of Ca3C7 (a) and para-type 

poly(indenoindene) (b). 
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Fig. S6. The calculated convex hull in the Ca-C binary-join for predicted and observed calcium carbides 

at 140 GPa. The HP-CaC2 phase lies on the convex hull (black dashed line) and are thus thermodynamically stable 

at this pressure.  

 

 
Fig. S7. Calculated phonon dispersion curves of HP-CaC2 (a) and Ca3C7 (b) at 0 GPa. 
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Table S1. Summary of experiments conducted in the present study.  

 

It includes a list of phases observed in each experiment, their structural parameters, and 

pressure-temperature conditions of the synthesis. The first digit in the number of an experiment 

indicates the number of the DAC; the second digit, if given – the number of the experiment 

conducted in the same DAC.    

All the DACs were laser heated in home laboratory at the BGI. An asterisk (*) in the 

number indicates that additional laser-heating was done at the extreme condition beamline 13-IDD 

at the Advanced Photon Source (APS, Chicago, USA). A double asterisk (**) indicates room 

temperature decompression. All diffraction measurements were made at room temperature on 

pressurized, but temperature-quenched samples after laser heating. 

  

Experiment Phase a, Å b, Å c, Å V, Å3 Pressure, 

GPa 

Temperature, K 

#1_1 Ca3C7 4.715(3) 8.288(4) 8.803(3) 344.0(3) 44(2) 2400(100) 
 

HP-CaC2 2.5616(3) 6.025(2) 6.685(2) 103.17(4) 
 

B1 CaO 4.444(1) 4.444(1) 4.444(1) 87.77(5) 

#2_2* Ca3C7 4.762(4) 8.341(1) 8.863(2) 352.1(3) 38(1) 2350(150) 
 

B1 CaO 4.4764(4) 4.4764(4) 4.4764(4) 89.70(1) 

#2_3 Ca3C7 4.859(6) 8.385(2) 8.923(2) 363.6 (4) 30(2)** 
 

 
B1 CaO 4.5231(3) 4.5231(3) 4.5231(3) 92.54(1) 

#3 Ca3C7 4.727(5) 8.316(2) 8.791(2) 345.6(3) 44(1) 2300(200) 
 

B1 CaO 4.4399(4) 4.4399(4) 4.4399(4) 87.53(2) 

#4 Ca3C7 4.720(3) 8.277(4) 8.772(4) 342.7(3) 47(1) 2300(300) 

 HP-CaC2 2.584(1) 6.060(1) 6.706(2) 105.0(5) 47(1) 

#5 HP-CaC2 2.541(1) 5.946(4) 6.598(2) 99.69(8) 52(1) 2400(200) 

#6_1* HP-CaC2 2.4965(6) 5.782(3) 6.295(3) 90.87(7) 93(1) 3000(300) 

#6_2* HP-CaC2 2.454(2) 5.680(2) 6.141(5) 85.59(10) 139(2) 3300(300) 

#6_3 HP-CaC2 2.4690(3) 5.663(2) 6.106(2) 85.37(3) 147(2)  
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Table S2. Details of the crystal structure refinements of CaC2 and Ca3C7 at 44(1) and 

38(1) GPa, respectively. 

Chemical formula Ca3C7 CaC2 

Pressure, GPa 38(1) 44(1) 

Mr 204.3 64.1 

 3.855  

Crystal system, space 

group 

Orthorhombic, Pnma Orthorhombic, Immm 

Temperature (K) 293 293 

a, b, c (Å) 4.762 (4), 8.3411 (11), 8.8625 (13) 2.5616 (3), 6.0245 (17), 6.6851 (15) 

V (Å3) 352.1 (3) 103.17 (4) 

Z 4 4 

Radiation type X-ray, λ = 0.29521 Å X-ray, λ = 0.2885 Å 

Radiation source 13IDD, GSECARS, APS P02.2, Petra III, DESY 

µ (mm−1) 0.39 0.41 

Crystal size (mm) 0.002×0.002×0.002 0.002×0.002×0.002 

Diffractometer Customized ω-circle diffractometer 

Absorption correction Multi-scan  

CrysAlis PRO 1.171.40.84a (Rigaku Oxford Diffraction, 2020) Empirical absorption 

correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling 

algorithm. 

Tmin, Tmax 0.547, 1 0.623, 1 

No. of measured, 

independent and 

observed [I > 3σ(I)] 

reflections 

888, 412, 362 291, 134, 96 

θmin,  θmax  1.9°, 15.0° 3.4°, 15° 

hkl range h = −3→4 

k = −13→13 

l = −13→14 

 

h = −4→4 

k = −7→9 

l = −9→10 

Rint 0.014 0.105 

(sin θ/λ)max (Å−1) 0.879 1.037 

R[F2 > 2σ(F2)], wR(F2), 

S 

0.026, 0.062, 1.92 0.059, 0.125, 1.20 

No. of reflections 412 134 

No. of parameters 31 9 

Δρmax, Δρmin (e Å−3) 0.43, −0.40 1.05, −1.24 
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Table S3. Fractional atomic coordinates, isotropic* or equivalent isotropic displacement 

parameters (Å2) and Bader charges of HP-CaC2 at 44(1) GPa. 

Experiment 
 

x y z Uiso*/Ueq 

Ca1 0 0 0.2041 (2) 0.0078 (5) 

C1 0 0.3819 (15) 0 0.0071 (11)* 

C2 0 0.2397 (15) 0.5 0.0078 (12)* 

Theory 

 x y z Bader charge 

Ca1 0 0 0.20425 1.191 

C1 0 0.37868 0 -0.378 

C2  0.24217 0.5 -0.813 

 

Table S4. Fractional atomic coordinates, isotropic* or equivalent isotropic displacement 

parameters (Å2) and Bader charges of Ca3C7 at 38(1) GPa. 

 

  

Experiment 
 

x y z Uiso*/Ueq 

Ca1 0.0519 (3) 0.25 0.33981 (6) 0.0055 (4) 

Ca2 0.19584 (19) 0.57441 (5) 0.35335 (4) 0.0051 (2) 

C1 0.1909 (12) 0.25 0.6332 (3) 0.0052 (5)* 

C2 0.2160 (9) 0.0533 (2) 0.1206 (2) 0.0063 (3)* 

C3 0.1821 (9) 0.6126 (2) 0.0646 (2) 0.0055 (3)* 

C4 0.0171 (9) 0.1627 (2) 0.04895 (19) 0.0050 (3)* 

Theory     

 x y z Bader charge 

Ca1 0.04764     0.25 0.34161 1.227 

Ca2 0.19509     0.57445     0.35355 1.232 

C1 0.18986     0.25000     0.63304 -0.718 

C2 0.21204     0.05162     0.12032   -0.798 

C3 0.18233     0.61247     0.06504 -0.338 

C4 0.01607     0.16307     0.04999 -0.351 
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Table S5. Details of the crystal structure refinements of HP-CaC2 at 147(2) GPa. 

 

 

 

Chemical formula CaC2 

Pressure 147(2) GPa 

Mr 64.1 

Crystal system, space 

group 

Orthorhombic, Immm 

Temperature (K) 293 

a, b, c (Å) 2.4690 (3), 5.6625 (17), 6.1062 (15) 

V (Å3) 85.37 (3) 

Z 4 

Radiation type X-ray, λ = 0.2852 Å 

Radiation source ID11, ESRF 

µ (mm−1) 0.48 

Crystal size (mm) 0.0005×0.0005×0.0005 

Diffractometer Customized ω-circle diffractometer 

Absorption correction Multi-scan  

CrysAlis PRO 1.171.41.93a (Rigaku Oxford Diffraction, 2020) Empirical 

absorption correction using spherical harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. 

Tmin, Tmax 0.624, 1 

No. of measured, 

independent and 

observed [I > 3σ(I)] 

reflections 

196, 134, 121 

θmin,  θmax 2.9°, 19.4° 

hkl range h = −4→4 

k = −11→11 

l = −10→4 

Rint 0.023 

(sin θ/λ)max (Å−1) 1.169 

R[F2 > 2σ(F2)], wR(F2), 

S 

0.044, 0.097, 2.32 

No. of reflections 134 

No. of parameters 13 

Δρmax, Δρmin (e Å−3) 1.41, −1.58 
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Table S6. Fractional atomic coordinates, isotropic* or equivalent isotropic displacement 

parameters (Å2) and Bader charges of HP-CaC2 at 147(2) GPa. 

Experiment 
 

x y z Uiso*/Ueq 

Ca1 0 0 0.20080 (18) 0.0078 (5) 

C1 0 0.3749 (6) 0 0.0071 (11)* 

C2 0 0.2472 (6) 0.5 0.0078 (12)* 

Theory 

 x y z Bader charge 

Ca1 0 0 0.20286 1.06489 

C1 0 0.37346 0 -0.3378 

C2 0 0.2483 0.5 -0.727 
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Abstract 
 

Theoretical modelling predicts very unusual structures and properties of materials at extreme 

pressure-temperature conditions1,2. Hitherto, their synthesis and investigations above 200 GPa have been 

hindered by both the technical complexity of ultra-high-pressure experiments and the absence of relevant 

methods of materials’ analysis in situ. Here we report on the methodology that was developed to enable 
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experiments at static compression in terapascal regime with laser heating and on its application to the 

synthesis of a novel rhenium nitride, Re7N3, and a rhenium-nitrogen alloy between ca. 600 and 900 GPa in 

a laser-heated double-stage diamond anvil cell (ds-DAC)3. Theoretical analysis has shown that the extreme 

compression is decisive for the stabilization of Re7N3. Full chemical and structural characterization of the 

materials, realized using synchrotron single-crystal X-ray diffraction on microcrystals in situ, demonstrates 

the capabilities of the methodology to extend high-pressure crystallography to the terapascal regime.  

 

Introduction 
 

The state of matter is strongly affected by variations in its chemical composition and the external 

parameters, such as pressure and temperature, allowing tuning of materials properties. This gives rise to a 

variety of phenomena relevant for a broad range of scientific disciplines and technological applications, 

from fundamental understanding of the Universe to targeted design of advanced materials. Compression is 

known to endorse metal-to-insulator transitions4, superconductivity5, and new “super”-states of matter6. 

Latest developments in the diamond anvil cell technique, and, particularly, the invention of double-stage 

and toroidal diamond anvil cells (ds-DACs and t-DACs)3,7,8, enabled a breakthrough in the synthesis of 

materials and studying structure-properties relations at high and ultra-high pressures. Very recent examples 

are the discovery of a new nitrogen allotrope bp-N9, which resolved a puzzle in understanding of the high-

pressure behavior of pnictogen family elements, and the synthesis of a whole plethora of novel transition 

metals nitrides and polynitrides10–15 including metal-inorganic frameworks (MIFs)9,13- a new class of 

compounds featuring open porous structures at megabar compression. Solving and refining the crystal 

structures of solids synthesized directly from elements in laser-heated conventional DACs10–15 at pressures 

as high as up to about two megabar12,16 became possible due to the synergy of our expertise both in 

generating multimegabar pressures3,17,18 (for details see section “dsDAC technique” in Supplemental 

Materials) and in single-crystal X-ray diffraction (sc-XRD) at ultra-high pressures, which were pioneered 

a few years ago.19,20 As the high-pressure high-temperature (HPHT) synthesis has become a well-

established technique for materials discovery, extending investigations to the TPa regime has been desired 

for a long time. 

Here, we report a new development in the methodology of the HPHT synthesis experiments that 

extends the limits of high-pressure crystallography to the terapascal range. To achieve the desired pressures, 

we combined toroidal7,8 and double-stage3,17,18 anvils design. A rhenium-nitrogen alloy, and a novel 

rhenium nitride Re7N3 were synthesized in three different experiments in the Re-N system (Supplementary 
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Information Table S1) in a laser-heated double-stage diamond anvil cell. Their full structural and chemical 

characterization was performed in situ using single-crystal X-ray diffraction.  

 

Experiment 
 

The ds-DACs were prepared following the procedure outlined below. Conventional Boehler-

Almax type single-beveled diamond anvils with 40-µm culets were milled by FIB in order to produce a 

toroidal profile on the surface of the culet and to shape a miniature culet of about 10 µm in diameter in its 

center (Extended Data Fig. 1). As a gasket we used a strip of a 200-μm thick Re foil, which was pre-indented 

in a few steps. The final indentation of 10 µm in diameter (made using anvils with the toroidal profile) had 

the thickness of about ~4 μm (the indentation procedure is described in detail in the figure caption of 

Extended Data Fig. 1). A hole of ~6 μm in diameter was made in the center of the indentation using FIB or 

by tightly focused pulsed NIR laser to form a pressure chamber. A schematic of the ds-DAC assembly, 

mounted into a BX-90 DAC21 equipped with toroidal diamond anvils, is shown in Extended Data Fig. 1. 

To realize a ds-DAC design, two semi-balls made of transparent nanocrystalline diamond17, FIB-milled 

from a single ball with a diameter of 12 to 14 µm, were placed over the tip of the miniature 10-μm culet 

(Extended Data Figs. 1,2). The semi-balls were small enough to stick on the toroidal anvils, but in one case 

(dsDAC #2, Supplementary Information Table S1) paraffin wax was used to fix them. A few grains of a 

rhenium powder (99.995% purity, Merck Inc.) were placed into the pressure chamber, which was then filled 

with nitrogen (N2) at about 1.4 kbar using the high-pressure gas-loading setup22 at the Bayerisches 

Geoinstitut (BGI, Bayreuth, Germany), closed, and pressurized. 

Pressures in the pressure chambers after closing of the cells were of about 50 to 80 GPa (Extended 

Data Fig. 3); pressures on the primary anvils were below 10 GPa, as measured according to ref. 2323. Our 

experience suggests that the cell should be pressurized quickly to ~40 GPa on the primary anvils to avoid 

loss of nitrogen. The presence of nitrogen can be monitored on N2 vibrons in the Raman spectra (Extended 

Data Fig. 3). However, N2 vibrons were not detectable above ~150 GPa (Extended Data Fig. 3) in the 

pressure chamber, as at such compression nitrogen becomes non-transparent and we cannot detect the 

Raman signal anymore). In ds-DAC #2 we were able to observe the evolution of the Raman signal from 

the secondary anvil in parallel with that from the primary anvil upon pressurization (Extended Data Fig. 4). 

Huge stress on the secondary anvil is manifested in the large asymmetry of its corresponding Raman line, 

whose high-frequency edge is difficult to determine reliably (Extended Data Fig. 4). Thus, it cannot be used 

for characterization of pressure in the sample chamber (note also that, as a rule, Raman spectra of NCD are 

rather weak and broad). 
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In all dsDAC experiments described here, we followed the same protocol. After pressurization of 

the cells to about 120-140 GPa on the first-stage anvils24, the samples were laser heated. The dsDACs #2 

and #3 were heated by a pulsed laser (1 µs pulses duration, 25 kHz repetition rate, ~25 W at each side) at 

the BGI using the setup specially designed for ultra-high pressures: the NIR (1070 nm) laser beam is of less 

than 5 µm FWHM in diameter and optical magnification of about 300 times25,26. The entire pressure 

chamber of dsDAC #2 was heated at 2900(200) K during about 3 min, and dsDAC #3 at 3450(200) K 

during about 5 min. After laser-heating, pressure on the primary anvils of dsDAC #2 was of about 100 GPa, 

and dsDAC #3 – of about 120 GPa.  

 

Results and discussion 
 

The dsDAC #1 was heated at 13-IDD at GSECARS (Advanced Photon Source (APS), USA) from 

both sides using a tightly focused NIR laser beam (of about 8 µm FWHM in diameter) in pulsed mode (1 

µs pulses duration, 50 kHz repetition rate, ~20 W each side) during 5 s at a temperature of 2200(200) K. 

Powder diffraction data acquired before laser heating (Extended Data Fig. 5; at 13-IDD X-ray beam was of 

~3x3 µm2 FWHM) gave the following lattice parameters of Re: for the gasket they were equal to  

a=2.5606(5) Å, c=4.0588(12) Å, V=23.047(7) Å3, and for the Re sample a=2.2214 (3) Å, c=3.5609 (8) Å, 

V=15.21 (1) Å3. These parameters correspond to the pressures of 149(3) GPa on the gasket and 930(5) GPa 

on the sample; the conservative values are given according to the EOS from ref.27 (Supplementary 

Information Table S1; the uncertainty in pressure corresponds to the statistical error in volume). X-ray 

powder diffraction patterns collected after laser heating show that positions of the diffraction lines of Re 

gasket did not change within the accuracy of the measurements, while those from Re sample changed very 

slightly (a=2.2297 (2) Å, c=3.5735 (5) Å, and V=15.38(1) Å3 corresponding to pressure of 895(5) GPa27).  

After laser heating for each dsDAC at 13-IDD at GSECARS numerous diffraction spots were observed 

(Extended Data Fig. 5), indicating phase transformation(s) or/and chemical reaction(s) in the samples. 

However, deciphering what happened based on powder diffraction data turned out to be impossible, as the 

patterns were dominated by the diffraction lines from the gasket and non-transformed Re, owing the 

relatively large X-ray beam and a small sample size. Single-crystal diffraction data were of poor quality 

that precluded their analysis. 
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Fig. 1. Results of X-ray diffraction measurements on the sample of Re and N2 pulsed laser-heated in 

dsDAC #1. (a) X-ray 2D map showing the distribution of different phases (re-crystallized Re and Re7N3) in the 

pressure chamber of dsDAC#1. Each pixel on the map corresponds to 2D X-ray diffraction pattern collected at 

Frelon 4M detector at ID11 beamline at ESRF (beam-size ~0.45×0.45 µm2 at FWHM, λ=0.3099 Å). The map 

covers the whole pressure chamber (21.5×21.5 µm2, steps of 0.5 µm in both directions, 10s acquisition time per 

frame). Total collection time was ~8 hours. The color intensity is proportional to the intensity of the following 

reflections: the (100) reflection of Re gasket for the dark blue region; the (101) reflection of Re for the light blue 

region (inside the sample chamber); the color bar on the insertion corresponds to the sum of intensities of (202) 

and (420) reflections of Re7N3. (b) example of as-collected diffraction image with diffraction lines and spots of Re 

(a= 2.2269(4) Å, c= 3.5702(15) Å) and Re7N3 (a=6.2788(2) Å, c=4.000(2) Å); reconstructed reciprocal lattice 

planes of Re (c) and Re7N3 (d). Characteristic diffraction image shown on (b) is highlighted with white rectangle 

on (a). Reflections of Re (c) and Re7N3 (d) are marked by yellow and green circles and corresponding hkl are given; 

reflections coming from the diamond anvil are highlighted by white circles; powder diffraction lines are due to Re 

gasket and not-transformed rhenium. Blue circles and the rectangular mark parasitic reflections from diamond 

anvils. 
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The dsDACs with temperature-quenched material were transported to ID11 at the ESRF (Grenoble, 

France) and investigated using both powder and single-crystal X-ray diffraction (see Methods). Despite the 

nominally small size of the X-ray beam, the reflections from the gasket were present even in the patterns 

collected from the center of the sample chamber. 2D diffraction maps of still XRD-images revealed powder 

diffraction of the Re gasket and non-transformed material that allowed the analysis of the pressure 

distribution both within and around the sample (Extended Data Fig. 2). In dsDAC #1, for example, pressure 

at the sample/gasket boundary did not exceed ~160 GPa, while pressure at all points within the sample 

chamber is almost the same, of about 900 GPa (Extended Data Fig. 2). Our observations regarding the 

pressure distribution (Extended Data Fig. 3) in the sample chamber are consistent with previously reported 

for toroidal type anvils7,8 and give the pressure magnification factor (the ratio of pressures on primary and 

secondary anvils) of about 6, in accordance with previous publications on ds-DACs17,28. 

Apart from powder diffraction rings, the diffraction patterns collected at ID11 from certain 

locations in the sample area show numerous spots (Fig. 1). At these positions we collected single-crystal 

datasets upon DAC-rotation around ω-axis from -38˚ to 38˚ with the angular step of 0.5˚ (Methods). For 

dsDAC #1, particularly, the analysis of sc-XRD data revealed the presence of domains of two phases 

(Supplementary Information Table S2). The first phase is hexagonal (space group P63/mmc) with the lattice 

parameters a= 2.2269(4) Å, c= 3.5702(15) Å, and V=15.33(1) Å3, as determined using 64 reflections. It 

was interpreted as Re (Fig. 1,2) being under pressure of 905(5) GPa27. Within uncertainty, the c/a ratio 

(1.603(5)) coincides with that reported for pure Re at lower pressures3,27. The structure solution and 

refinement showed indeed that rhenium recrystallizes upon pulsed laser heating (Fig. 2, Supplementary 

Information Table S2), but is not contaminated by carbon or nitrogen (at least in the quantities that could 

be detectable from our XRD data).  

The second phase found in the pressure chamber of the dsDAC #1 after heating is also hexagonal 

(space group P63mc) and has the lattice parameters a=6.2788(2) Å, c=4.000(2) Å, and V=136.53(11) Å3. 

Based on 394 independent reflections, the structure of this phase was solved and refined in isotropic 

approximation of atomic displacement parameters (Fig. 2, Supplementary Information Table S2) to 

R1=5.7%. The chemical composition of the phase was refined as Re7N3. Considering the possibility of the 

reaction between rhenium and carbon from the anvils, we checked if the phase could be interpreted as 

carbide (Re7C3). In this case, however, the isotropic thermal parameter of carbon becomes negative, 

supporting the assignment of the atomic positions to nitrogen.  
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 Fig. 2. Crystal structures of phases observed in laser-heated dsDACs. (a) Hexagonal rhenium at 905(5) 

GPa in dsDAC #1 (a= 2.2269(4) Å, c= 3.5702 (15) Å, and V=15.33(1) Å3); (b) cubic (B1 NaCl-type) rhenium-

nitrogen solid solution ReN0.2 at 730(4) GPa (a=3.3994(7) Å, V=39.28(2) Å3); (c) hexagonal Re7N3 (a=6.2788(2) 

Å, c=4.000(2) Å, and V=136.53(11) Å3). In Re7N3 structural units are NRe6 prisms with the nitrogen atom in the 

center. Rhenium atoms are grey and nitrogen atoms are blue. 

 

The structure units of Re7N3 are distorted NRe6 trigonal prisms (Fig. 2). Three prisms are connected 

through shared edges forming triads, which are stacked along the 63 axis. Each triad is rotated by 60° with 

regard to upper and lower neighbors in the columns (Fig. 2). The columns are connected to each other by 

prisms’ common vertices. Crystal structures built of combined triads of prisms are well known among 

carbides, borides, phosphides, and nitrides29. Moreover, there are a number of binary compounds with the 

A7X3 stoichiometry, and especially hexagonal ones with the Th7Fe3-type structure (more than 70 entries in 
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the ICSD database30), the same as of the Re7N3 compound. We noticed that in Re7N3, the shortest and 

average distances between the Re-Re nearest neighbors (~2.28 Å and ~2.37 Å, respectively) are just slightly 

longer than the Re-Re distances in metallic rhenium (~2.23 Å), which is present in the pressure chamber 

along with the nitride. A comparison of the shortest and average distances between the closest A-A 

neighbors in the Th7Fe3-type structured compounds with the metal-metal distances in corresponding pure 

metals at the same pressures (Extended Data Fig. 6) shows indeed a clear similarity (in some cases, for 

example, in experimentally studied Fe7C3 at 158 GPa31, or theoretically predicted Fe7N3 at 150 GPa32, the 

A-A distances are even slightly shorter in compounds than in pure metals). Remarkably, the average Re-N 

distance in NRe6 prisms in Re7N3 (<Re-N> is 1.84 Å) follows the same trend as for other Th7Fe3-type 

structured compounds when <A-X> is compared with <A-A> (Extended Data Fig. 6). According to our 

experimental data, the Re-N distances in trigonal prisms in Re7N3 vary from ~1.79 to ~1.94 Å, and, as 

expected for multimegabar pressures (the shortest previously reported rhenium-nitrogen distance is ~1.96 

Å in ReN8 xN2 at 134 GPa11). One can note that in the TPa pressure range, the Re-Re interatomic distances 

become comparable with those of transition metals of the 4th Period (Cr, Mn, Fe, Ni), which are known to 

form Th7Fe3-type structured (or similar) compounds at ambient (or relatively low) pressure30. It may be an 

indication that a huge reduction of the Re size promotes formation of Re7N3 at several hundreds of GPa, 

but the existence of Ru7B3 at ambient pressure30 (in ruthenium the metal-metal distance is ~2.68 Å vs ~2.75 

Å in Re) suggests that the size factor may be important, but not necessarily crucial. 

The synthesis of Re7N3 was reproduced in dsDAC #2. Diffraction data collected at ID11 at ESRF 

shows numerous diffraction spots, and the analysis of the integrated powder diffraction pattern confirmed 

the presence of the hexagonal phase with the lattice parameters very close to those obtained for Re7N3 in 

dsDAC #1 (Supplementary Tables S1, S3; Extended Data Fig. 7). Unfortunately, the quality of the 

diffraction was insufficient for the single-crystal data analysis; the deterioration of the quality of diffraction 

data may be due to a pressure drop from ~140 GPa to ~100 GPa on primary anvils upon laser heating. Still, 

for dsDAC #2 we were able to release pressure to ambient without total destruction of the pressure chamber 

and found there a particle of almost 2 µm in diameter, which consisted of Re and N in the atomic ratio of 

about 2:1 (Extended Data Fig. 8). This finding gives an additional evidence of the synthesis of rhenium 

nitride in dsDAC #2. 

To elucidate the effect of the extreme compression on the stability of the novel Re7N3 compound 

and to characterize its physical properties, we carried out electronic structure calculations in the framework 

of the Density Functional Theory and studied its electronic, thermodynamic and vibrational properties (see 

Methods, Supplementary Information Computational Details). 
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Fig. 3. Formation enthalpy of Re7N3. Data shown with respect to theoretically predicted41 (black circles), 

and experimentally known (red squares, Re3N and , ReN2
13 (P21/c), ReN2 (P4/mbm), ReN10

11 (Immm)) competing 

high-pressure phases in system Re-N calculated at pressure (a) 100 GPa, (b) 730 GPa, and (c) 900 GPa. 
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The optimized lattice parameters and coordinates of atoms of Re7N3 were found to be in excellent 

agreement with experiment (Supplementary Information Table S4). A difference in pressure calculated at 

experimental volumes for Re7N3 may indicate that the calculated equation of state of Re and/or Re7Ne3 at 

ultra-high compressions are becoming less accurate, which is often the case in GGA calculations17. 

Examination of the electronic band structure (Supplementary Information Electronic Properties of Re7N3 

and Fig. S1), electronic density of states (Supplementary Information Fig. S2, S3), electron localization 

function (Supplementary Information Fig. S4), and the charge density maps (Supplementary Information 

Figure S5) shows that Re7N3 is a metal which has a combination of metallic and ionic bonding with some 

covalent component. 

The dsDAC #3 was laser heated to maximum temperature of 3450(200) K and the lattice parameters 

of Re measured after heating were found to be a=2.2803(3) Å, c=3.622(1) Å, and V=16.31(2) Å3. According 

to the EOS of Re27, the sample was under pressure of 730(4) GPa (Supplementary Information Table S1, 

Supplementary Information Fig. S6). The analysis of single-crystal XRD data revealed the presence of a 

cubic phase (space group Fm3m) with the lattice parameter of ~3.40 to ~3.41 Å depending on a spot from 

which the XRD pattern was taken. Structural solution suggests that the phase has the NaCl (B1) type 

structure (Fig. 2, Supplementary Information Fig. S7) with one position occupied by Re and the other- by 

a light element. Attempts to refine the crystal structure assuming that the position of the light element is 

fully occupied by N or C led to an unreasonably high thermal parameter (~0.1 Å2). For the highly symmetric 

NaCl-type structure containing heavy Re atoms simultaneous refinement of the occupancy and the thermal 

parameter of a lighter element is not reasonable, so we constrained the thermal parameters of all atoms to 

be equal. In this approximation, the composition of the cubic phase was ReN0.20 (Supplementary 

Information Table S2). Of course, based on X-ray diffraction data alone we could not exclude that the light 

element might be carbon, but theoretical calculations (see Supplementary Information, Re-based solution 

phase) suggest that nitrogen is more plausible. A partial occupation of octahedral voids of the underlying 

fcc packing of Re atoms by nitrogen predicts negative formation enthalpies of metastable alloys 

(Supplementary Information Fig. S8, S9, Supplementary Information Table S5), while filling them with 

carbon leads to positive formation enthalpies (Supplementary Information Fig. S8, Supplementary 

Information Table S6). 

Theoretical simulations allowed an insight into a possibility of the synthesis of Re7N3 at pressures 

lower than those achieved in the current study. At 100 GPa the formation enthalpy of metastable Re7N3 is 

well above the convex hull (Fig. 3, Supplementary Information Thermodynamic Stability of Re7N3, 

Extended Data Fig. 9). Even taking into account the anomalously large (~0.2 eV/atom) metastability range 

of nitrides33, this compound cannot be considered as synthesizable at 100 GPa. On the contrary, at 730 GPa 



Chapter 7. Methods 

 

229 

 

the calculated formation enthalpy of Re7N3, though still above the convex hull, becomes well within the 

metastability range of nitrides (Fig 3, Supplementary Information Lattice Dynamics of Re7N3, Extended 

Data Fig. 9), and at ~900 GPa – the pressure of the realised experimental sysnthesis- it lies on the convex 

hull (Fig. 3).  

Multimegabar pressures have been long-thought to have a profound effect on chemistry and physics 

of materials1,2 and to lead to formation of phases with exotic crystal structures. In this work we have 

demonstrated that at pressures as high as those exceeding 600 GPa new compounds can be synthesized in 

laser-heated dsDACs and their structures can be solved in situ. By extending experimental field of high-

pressure synthesis and structural studies to terapascal range, our work paves the way towards discovering 

of new materials and observations of novel physical phenomena. 

 

Methods 
 

Diffraction data were acquired at ID11 beam-line at ESRF. Experiments with dsDAC #1 

were performed using Frelon 4M detector, wavelength 0.3099 Å, beam size 0.45ˣ0.45 µm2 at 

FWHM; data for dsDAC #2 and dsDAC #3 were were collected with Eiger2 CdTe 4M detector, 

wavelength 0.2882 Å, beam size 0.5ˣ0.5 µm2 µm2 at FWHM. 2D mappings of still XRD-images 

(without ω-oscillations) were performed with the explosure time up to 10 s; single crystal datasets 

were collected via DACs rotation around ω-axis from -38˚ to 38˚ with the angular step 0.5˚ and 

acquisition time 10 s/step.  

In case of powder diffraction studies, calibration of instrument model and integration of diffraction 

patterns were made in the DIOPTAS34 software using CeO2 powder standard (NIST SRM 674b). Integrated 

patterns from powder XRD experiments were processed using the Le Bail technique implemented in 

JANA200635 software. X-ray diffraction imaging of the sample chamber was reconstructed using XDI36 

program and map of still-images converted from ‘edf’ to ‘tif’ format. In case of SCXRD, integration of the 

reflection intensities and absorption corrections were performed in CrysAlisPro software37. Single crystal 

of orthoenstatite (Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 (space group Pbca, a=8.8117(2) Å, b=5.18320(10) Å, 

c=18.2391(3) Å) was used as calibration standard for refinement of the instrument model of the 

diffractometer. Diffraction images were converted from ‘edf’ to the native CrysAlisPro format 

‘ESPERANTO’ with Freac software37. Detailed information of integration parameters as well as about the 

data reduction output files and indicators of the XRD data quality are given in ref 519. The crystal structures 
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were solved using SHELXT or superfilp method in JANA2006 and Olex235,38,39. Crystal structures were 

refined by least-squares minimization of adjustable parameters. We performed isotropic refinement of 

atomic displacement parameters due to limited dataset collected in DAC. Reflections coming from parasite 

diffraction produced by diamonds and crystallized pressure media were eliminated during the refinement 

procedure. “Diamond” software40 was used for visualization of molecular graphics. 

The electronic structure, total energy and forces calculations of the studied rhenium nitrides were 

carried out in the framework of the Density Functional Theory (DFT, see Supplementary Information for 

Computational Details). We used supercells of different sizes with an underlying fcc crystal and and various 

amounts of either N or C to simulate the Re-N and Re-C cubic phases with NaCl (B1) type structure (see 

Supplementary Information Re-based Solution Phase). To investigate the influence of pressure on the 

thermodynamic stability of Re7N3, its enthaly of formation, as well as the enthalpies of formation for various 

phases of rhenium nitride, known experimentally10,11,13 and predicted theoretically41, were calculated and a 

thermodynamic convex hull was constructed based on the calculation results (Supplementary Information 

Thermodynamic Stability of Re7N3).  

Phonon dispersion relations for Re7N3 were calculated in the harmonic approximation at volume 

200 Å3 (a=7.122 Å, c=4.553 Å) of the unit cell, corresponding to P=102 GPa, as well as at experimental 

volume 136.52 Å3 (a=6.277 Å, c=4.001 Å) of the unit cell (Supplementary Information Table S4) that 

corresponded to calculated pressure 732 GPa (see Extended Data Fig. 9, Supplementary Information 

Computational Details). Because Re7N3 is predicted to be dynamically unstable at the synthesis pressure 

due to the presence of imaginary frequencies in this approximation (Extended Data Fig. 9, Supplementary 

Information Lattice Dynamics of Re7N3), we investigated the anharmonic effects of lattice vibrations at 

finite temperature employing the Temperature Dependent Effective Potential (TDEP) method42 with 

effective second and third-order interatomic force constants calculated from first principles43. The 

calculations are based on modeling the potential energy surface in the vicinity of equilibrium with a 

Hamiltonian of the form:  

H = U0 + ∑
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where Ф are interaction parameters (the effective force constants) of increasing order, and u denotes the 

displacement of ions from their equilibrium positions.  

We calculated the spectral function S(q,E) at 300 K, which describes the spectrum of  lattice 

excitations with energy E = ℏΩ for mode ωqs at wave vector q44,45. S(q,E) provides insight into the phonon 

frequencies as well as strength of three-phonon processes via the broadening in Extended Data Fig. 9. The 
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S(q,E) of Re7N3 is typical of a weakly anharmonic solid with Lorentzian broadening of single peaks. 

Additionally, the lines are reasonably crisp, without substantial broadening, indicating that the anharmonic 

interaction strength is well within the range of validity for the perturbation theory. Importantly, Re7N3 is 

seen to be dynamically stable (there are no imaginary frequencies) at the synthesis pressure (see 

Supplementary Information, Lattice dynamics of Re7N3). 
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Extended data 

 
Extended Data Fig. 1. Toroidal profile produced by FIB milling on a culet of a conventional anvil. (a) 

Original Boehler-Almax type single-beveled diamond anvils with 40-µm culets (before milling); (b) gray-scale 

bitmap used for milling; (c) the milling depth profile; (d) crafted toroidal culet; (e) a schematic of the ds-DAC 

assembly (not scaled) in a cross-section: a gasket (grey) with the pressure chamber (dark grey; the sample is 

yellow) squeezed between the two toroidal diamond anvils (light blue) equipped with the semi-balls of NCD 

diamond (white); the pressure chamber is of 6 µm in diameter and 4 µm in height.  The gasket was prepared as 

follows: as gaskets we used strips of a 200-μm thick Re foil. To make an indentation with a thickness of about ~4 

μm, we followed a many-step procedure. First, the Re foil was pre-indented to a thickness of ~20 μm using a pair 

of single-beveled diamonds with 80-μm culets. Then, a hole of about 30 μm in diameter was laser-drilled in the 

center of the indentation, and the indentation was pressurized again between the same beveled diamonds. This led 

to closing of the hole and reducing the thickness of the indentation. This procedure was repeated a few times until 

the thickness of about 7 μm was achieved. The gasket was mounted into a BX-90 DAC equipped with toroidal 

diamond anvil and indented by their miniature 10-µm culets to a thickness of ~4 μm. A hole (of ~6 μm in diameter) 

in the center of the ~10-μm indentation was made using FIB or by tightly focused pulsed NIR laser to form a 

pressure chamber. 

  



Chapter 7. Extended data 

 

237 

 

 
Extended Data Fig. 2. A schematic illustration of the experimental setup. (a) 3D presentation of a 

diamond anvil featuring a toroidal profile milled by FIB on the surface of a conventional Boehler-Almax type 

single-beveled diamond anvil with a 40-µm culet. A semi-ball of transparent nanocrystalline diamond (NCD)17, 

FIB-milled from a single ball with a diameter of 12 to 14 µm, was placed over the tip to realise a double-stage 

dsDAC design. Two anvils of this kind were forced together as shown in the scheme in Extended Data Fig. 1. (b) 

Pressure profile along the cross-section through the center of a dsDAC #1 after pulsed laser heating. Diffraction 

patterns were collected at each point with a step of 0.5 μm at ID11 beam line at the ESRF, and pressure was 

determined according to the EOS from ref. 27 using the lattice parameters of Re found from powder diffraction 

data. 
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Extended Data Fig. 3. Raman spectra taken upon compression of the dsDAC after nitrogen gas loading 

featuring nitrogen vibrones. At pressure above ~160 GPa Raman signal of nitrogen becomes non-detectable. The 

pressures were determined according to ref.24.  
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Extended Data Fig. 4. Evolution of Raman spectra of primary and secondary anvils upon compression 

of dsDAC #2. Pressure determined from diamond line Raman shift (ref.24). On the left, pressures on primary anvil. 

Near peaks at ~1600 cm-1 – pressures on the body of secondary anvil. Values on the right gives estimates of 

pressures from boarding Raman line of secondary anvil (arrows provide examples of positions found by analysis 

of the first derivatives of the spectra). Reliable determination of the pressure in the chamber from Raman shift of 

diamond line of secondary NCD anvils is not feasibly. 
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Extended Data Fig. 5. Examples of powder diffraction patterns collected from dsDAC #1 at 13-IDD 

(APS, USA, the beam of 3x3 µm2 HWFM). (a) The center of the pressure chamber of the as-compressed ds-DAC; 

(c) Re LP: a=2.5606(5) Å, c=4.0588(12) Å, and V=23.047(7) Å3, that is at 149(3) GPa according to the EOS from 

ref.27, or 173(3) GPa according to ref.3; Re HP: a=2.2214(3) Å, c=3.5609(8) Å, and V=15.21(1) Å3, that is at 

930(5) GPa27 or 1298(10) GPa3; (b) after pulsed laser heating at 2200(200) K during 5 s; (d) Re LP: a=2.5577(3) 

Å, c=4.1095(12) Å, and V=23.282(7) Å3, at 140(3) GPa27 or 162(3) GPa3; Re HP: a=2.2297(2) Å, c=3.5735(5) Å, 

and V=15.38(1) Å3, at 895(5) GPa27 or 1250(10) GPa3; Re7N3: a=6.3086(4) Å, c=4.0048(7)) Å, and V=138.04(4) 

Å3). Structural data for Re7N3 were taken from the results of single-crystal XRD data analysis.  
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Extended Data Fig. 6. Interatomic distances 

in Th7Fe3 structured and some other selected A7X3 

compounds. Comparison of shortest (a) and average 

between first neighbors (b) A-A distances in A7X3 

compounds with metal-metal contacts in 

corresponding pure metals (“A”) at the same 

pressures. (c) Correlation between average <X-A> 

distances in XA6 prisms and first neighbors <A-A> 

distances. Red hexagons correspond to Re7N3 

described in this work; data for orthorhombic Fe7C3 

at 158 GPa from ref.34; data for predicted Fe7N3 at 

150 GPa from ref. 32; all other data are from 

database ref. 30. 
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Extended Data Fig. 7. Example of powder 

diffraction pattern collected from dsDAC #2. 

Data collected at ID11 (ESRF, Grenoble, France, 

the beam of 0.5x.5 µm2 FWHM) at 646 GPa (see 

Supplementary Information Table S1). (a) 2D 

diffraction image shows diffraction spots of Re7N3 

and rings of hcp-Re at different pressures; (b) 

refinement of powder diffraction pattern with Le 

Bail fit implemented in Jana2006 software. Values 

of lattice parameters are given in Supplementary 

Information Table S3. 
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Extended Data Fig. 8. SEM image (left) and example of EDX spectra (right) of a sample extracted from 

the dsDAC #2. Sample contains Re and N in atomic proportions ~2:1. Images and spectra were collected on a 

ZEISS SEM, Leo Gemini 1530 with a Schottky field emission gun employing an accelerating voltage of 20 kV. 
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Extended Data Fig. 9. Phonon dispersion relations for Re7N3 calculated within the harmonic 

approximation. (a) Theoretical pressure P=102 GPa. (b) Experimental volume 136.52 Å3 which corresponded to 

theoretical pressure ~730 GPa. (c) Vibrational spectral function at P~730 GPa and T= 300 K calculated using 

TDEP method. The results show that in the harmonic approximation Re7N3 is unstable at the synthesis pressure 

(imaginary frequencies are shown below zero frequency line). Including anharmonic effects of lattice vibrations 

removes the dynamical instability at P=730 GPa (all the branches are real).  
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Computational details.  

We employed the projector augmented wave (PAW) method1,2 as implemented in the VASP3. The 

exchange and correlation effects were considered using generalized gradient approximation (GGA) with 

PBE parametrization4. To investigate the high-pressure phases, we used “hard” potentials with the 

configurations of the valence electrons of 5p65d66s1 and 2s22p6 (Re_pv and N_h potentials) for rhenium 

and nitrogen, respectively. The cut-off energy was set to 870 eV. The integration over the Brillouin zone 

was performed using the k-points obtained by Monkhorst-Pack method5 with the 33×33×33 points mesh 

for Re7N3, 30×30×20 for hcp-Re, 28×28×12 for P6̅m2 Re3N, 30×30×10 for P63/mmc Re2N, 5×10×5 for 

Re16N4, 30×30×10 for P6̅m2 Re3N2, 32×32×16 for NiAs-type ReN, 8×20×10 for C/2m ReN2, 12×8×12 for 

P21/с ReN2, 10×19×11 for Imm2 ReN3, 12×24×36 for Cmmm ReN4, 14×8×14 for Immm ReN10, 20×20×20 

for diamond C, 16×16×16 for cg–type N. All initial configurations of the compressed crystals were 

optimized with respect to lattice parameters and atomic coordinates to ensure the hydrostatic pressure 

condition. Methfessel-Paxton algorithm6 with broadening 0.1 eV was used for the structure optimization, 

electronic band structure and the enthalpies calculations. The tetrahedron method for the Brillouin zone 

integration with Blöchl corrections7 was applied for calculations of the electronic density of states. 

Harmonic phonons for Re7N3 were calculated using the small displacement method implemented 

into Phonopy software package8,9. Phonon dispersions have been calculated on a 2×2×2 supercell and 

3×3×3 sampling of the Brillouin zone. Methfessel-Paxton algorithm6 with broadening 0.2 eV was used for 

the force field calculation. Additional calculations carried out with a (2×2×3) supercell size and (3×3×3) 

sampling of the Brillouin zone (not shown) confirm sufficient convergence of the results obtained on the 

smaller supercell, which are presented in Extended Data Fig. 9. 

To investigate the anharmonic effects of lattice vibrations at finite temperature we employed the 

Temperature Dependent Effective Potential (TDEP) method11-13. A calculation of force constants (see 

Methods, Eq. (1)) consists of creating snapshots of a supercell with thermally displaced atoms 

corresponding to a specified temperature, calculating forces using an ab initio density functional theory 

code such as VASP, and fitting the forces and displacements with the model Hamiltonian. Performing this 

procedure at given temperature renormalizes the interaction parameters, incorporating all orders of non-

harmonic effects. Once force constants are obtained, we can obtain the phonon spectra, broadening and 

linewidth needed for calculation of the spectral function S(q,E). 

Re7N3 structure is modeled by supercell containing 260 atoms in total, with 182 Re atoms and 78 

N atoms. For given experimental volume 136.52 Å3 (calculated pressure 732 GPa), we performed the 

iterative scheme to obtain a set of forces and atomic displacements for calculation of the second and the 
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third order force constants using TDEP. An efficient stochastic sampling approach to prepare a set of 

thermalized with thermal displacements corresponding to Maxwell-Boltzmann statistics at temperature 300 

K configurations for each iteration. Once the snapshots are created, we performed a series of first-principles 

simulations to obtain a set of force-displacement data sets.  

We performed iterative scheme which consists of 6 iterations with 200 snapshots each. Note that 

the plane wave energy cutoff used in our VASP calculations was set to 600 eV and the Brillouin zone was 

sampled with a 3×3×3 k-point mesh. Using the output from the final iteration we calculated the spectral 

function at T=300 K shown in Extended Data Fig. 9.  

 

Electronic properties of Re7N3.  

The electronic band structure of Re7N3 is shown in Supplementary Information Fig. S1, while its 

electronic density of states (DOS) is shown in Supplementary Information Fig. S2 and compared with that 

of pure hcp-Re in Fig. S3. The nitride is metallic owing to the bands crossing the Fermi energy EF 

(Supplementary Information Fig. S1) leading to the finite DOS at EF (Supplementary Information Fig. S2). 

The main contribution to the DOS at the Fermi levet comes from 5d electrons of Re. The peaks in the lower 

energy part of the DOS (-24 eV: -20 eV) arise from 2s electrons of N (Supplementary Information Fig. S3). 

This band is separated by an energy gap of 4.5 eV from states (-16 eV: -11 eV) formed predominantly by 

N p-electrons and Re d-electrons, with some contribution from Re s- and p-states. Note that Re states could 

be partially related to the N states decomposed into Re-orbitals (Fig. S3). A broad band (-11 eV: 9 eV) is 

predominantly due to Re d-electros.  

Due to the difference in electronegativity between Re and N, one can expect that the bonding in the 

system should be predominantly ionic. On the other hand, the overlap between d-orbitals of Re and p-

orbitals of N can be considered as an indicator of hybridization and the covalent component of the bonding. 

Indeed, the presence of unoccupied N p-states above the Fermi energy shows that the interaction cannot be 

purely ionic. To better understand the nature of atomic bonding in Re7N3, we calculated the electron 

localization function (ELF) (Supplementary Information Fig. S4), spatial distribution of electronic density 

maps and total charge-density contour (Fig. S5). The low localization of electrons in the region between 

adjacent N and Re atoms with almost spherically distributed ELF attactors around nitrogen atoms indicates 

the ionic component of the interatomic bond (Supplementary Information Fig. S4). The same features can 

be seen from Supplementary Information Fig. S5, which shows the spatial distribution of electronic density 

in the range [−16 eV: -10 eV], namely high and nearly spherical charge distribution around N atoms. Next, 

in the energy range [-10 eV: -4 eV] there are predominantly strong Re-Re and weaker N-N interactions 
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(Supplementary Information Fig. 5). In the interval [-4 eV: 0 eV] an increase in electron density between 

Re and N atoms and directional charge redistribution are observed (Supplementary Information Fig. S5), 

which indicates the presence of a covalent component of the atomic bond. Finally, the total charge density 

plot (Supplementary Information Fig. S5) shows slightly anisotropic spherically distributed areas of charge 

density around Re and N atoms with bridges between them. 

 

Re-based solution phase.  

We use VASP to calculate the mixing enthalpies for 2×1×2 supercells with an underlying fcc crystal 

structure with 16 Re atoms and various amounts of either N or C (Re16(C,N)x with x=2, 3, 4) occupying 

octapores in the supercells to simulate the Re-N and Re-C cubic phases with NaCl (B1) type structure. To 

calculate the formation enthalpy ΔH for Re-N solid solutions, we used hcp-rhenium and nitrogen in the cg-

N structure and for Re-C carbon in the diamond structure. 

Analysis of the 2×1×2 fcc configurations containing nitrogen shows that it is beneficial for it to be 

either in neighboring octopores (touching along the edge), or in the octopores that are on the third 

coordination sphere (that is, those which don't touch at all, but are not far away). Such configurations lead 

to negative formation enthalpies (Supplementary Information Fig. S8, Supplementary Information Table 

S5). The situation when the nitrogen octopores touch only in a single vertex (the case, where each unit cell 

stoichiometry is Re4N) is the least energetically favorable.  

We note that for each individual supercell structural relaxation leads to slight orthorhombic 

distortions (< 4%). However, the presence of several nearly energetically degenerate supercells 

(Supplementary Information Table S5) suggests that the distortions could be out in a macroscopic sample. 

Therefore, we perform additional structural relaxations in 2×2×2 supercells using Quantum Espresso14. 

Similar to the VASP calculations , we use the projector augmented wave (PAW) method and consider 

exchange and correlation effects in terms of the generalized gradient approximation (GGA) with PBE 

parametrization4 . We use a kinetic energy cutoff of 80 Ry for wavefunctions and 800 Ry for the charge 

density and 2×2×2 k-points.  

We generate all possible structures based on an 2×2×2 supercell of fcc-Re with stoichiometry 

Re32N8, which showed the most negative formation enthalpies of the probed 2×1×2 supercells 

(Supplementary Information Fig. S8, Supplementary Information Table S5). When occupying 8 out of 32 

possible octopores in the cell, it is possible to build 10518300 structures. We reduce the number by 

considering only structures in which the center of gravity of the nitrogen coordinates coincides with the 
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center of the supercell, which reduces the data set to ~50000 structures and ensures a relatively uniform 

distribution of N atoms (Supplementary Information Fig. S9). From this set, we randomly choose 100 

structures and perform a structural relaxation with no constraints on the lattice or cell parameters until 

forces are < 0.5 meV/Å2 per atom. Within the data set, we obtain a small enthalpy variation, depending on 

the relative position of the octopores occupied by N, in agreement with the 2×1×2 unit cell calculations. 

All calculations maintain the fcc-Re host lattice with varying orthorombic distortion between 0.4% and 4% 

and < 0.3% variation in cell volume. Averaging over all coordinates leads to a nearly cubic structure 

(average orthorombic distortion is below 0.02%). 

Thus, the formation of ReN0.20 solution phase with NaCl (B1) type structure is quite plausible, even 

though the alloy should be metastable at the synthesis pressure as its mixing enthalpy is above the convex 

hull. For all ReC solid solutions the formation enthalpies are positive, making the formation of the Re-C 

alloys in the experiment highly unlikely (Supplementary Information Fig. 8, Supplementary Information 

Table S6). 

 

Thermodynamic stability of Re7N3.  

Investigation of the influence of pressure on the thermodynamic stability of Re7N3 is a highly non-

trivial task. In the maximum pressure range 100 GPa-200 GPa that has been achieved so far, nitrides of 

rhenium can be found in a wide range of compositions as a consequence of the multiple oxidation states of 

rhenium, while the phase diagram in the TPa pressure range is unknown and an identification of all the 

competing phases, as well as a treatment of the off-stoichiometric phases is beyond the subject matter of 

the present study. Therefore, the enthalpies of formation were calculated for Re7N3 and compared to 

experimentally known and theoretically predicted stoichiometric high-pressure phases in Re-N system from 

the literature. In more details, we used hcp rhenium in the P63/mmc structure, and nitrogen in the cg-N 

structure. Zhao et al.15 previously constructed a convex hull at a pressure of 100 GPa16. Using the 

evolutionary structure search method in a region with a high rhenium content, two thermodynamically 

stable structures, Re3N (P6̅m2) and Re2N (P63/mmc), were identified by Zhao et al. theoretically. In fact, 

these two compounds were synthesized earlier by Friedrich et al.10 at lower pressures (13-31 GPa). Two 

nitrides Re3N2 (P6̅m2) and ReN-NiAs were found in ref. 15 to be quite close to the convex hull, both slightly 

above it. Thus, these four structures together with Re7N3 were considered in the present study. 

In the region enriched with nitrogen we considered the following phases: ReN2 (C2/m), ReN3 

(Imm2), ReN4 (Cmmm), ReN2 (P21/c), ReN2 (P4/mbm), ReN10 (Immm). The three former phases, ReN2 

(C2/m), ReN3 (Imm2) and ReN4 (Cmmm), were predicted theoretically as thermodynamically stable phases 
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at 100 GPa in ref. 15. The three latter compounds, ReN2
17 (P21/c), ReN2 (P4/mbm), and ReN10

18 (Immm), 

have been recently synthesized experimentally. Our results, summarized in Fig 3 show that an increase in 

pressure leads to remarkable increase of stability of Re7N3 with respect to the other competing phases. 

The results of our calculations at a pressure of 730 GPa (corresponding to calculated pressure at 

the experimental synthesis volume) are shown in Fig. 3b. Two nitrides, Re3N and Re2N, lie on a convex 

hull. The enthalpy of formation of Re7N3 lies slightly above the ground state line (~ 0.05 eV) between Re3N 

and Re2N. The compound Re3N2 (P6̅m2) lies far from the ground state line, while ReN in the NiAs-type 

structure becomes thermodynamically stable at this pressure (among the considered phases). In a region 

with a high nitrogen content, the convex hull line passes only through ReN2 nitride (P4/mbm). 

Since the enthalpy of formation for Re7N3 is very close to the ground state line, a change in pressure 

can affect the thermodynamic stability of this nitride. To study this further, we constructed a ground state 

line at higher pressure of 900 GPa (Fig. 3). In the concentration interval enriched with nitrogen the results 

changed very little. However, for nitrides with a high rhenium content changes were significant. It can be 

seen that at this pressure the Re2N and ReN phases are still thermodynamically stable, but Re3N turned out 

to lie slightly higher than the ground state line. Most importantly, for Re7N3 the change in pressure placed 

its enthalpy of formation at the convex hull line. Note that at P=100 GPa Re7N3 has formation enthalpy 

wich is well above the convex hull line (Fig. 3). 

 

Lattice dynamics of Re7N3.  

It is necessary that the Re7N3 phase is at least metastable to be synthesized in experiment. This can 

be evaluated theoretically in a study of the dynamical stability of a material: in a metastable phase all the 

frequencies of its lattice vibrations are real. To check the dynamical stability of the Re7N3, we calculated its 

phonon dispersion relations in the harmonic approximation. We observed that at 100 GPa the dynamical 

stability condition is fulfilled (Extended Data Fig. 9), despite the fact that the formation entalpy of Re7N3 

is well above the convex hull (Fig. 3). Surprisingly, calculations carried out at ~730 GPa, that corresponds 

to volume per atom at the experimental synthesis pressures, showed the presence of imaginary frequenceis 

along Г-M-K-Г direction of the Brillouin zone (Extended Data Fig. 9). This means that in the harmonic 

approximation Re7N3 would be classified as dynamically unstable, impossible to synthesize compound. 

However, calculations of the vibrational spectral function carried out at T=300 K that take into account 

anharmonic effects of lattice vibrations  do not show any sign of the dynamical instabiliy and confirm that 

Re7N3 is at least metastable at this pressure (Extended Data Fig. 9). 
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This effect is interesting, giving the fact that the temperature 300 K corresponds to ~25 meV, while 

the PV term at 1 TPa is ~750 eV. Moreover, Re7N3 is not a strongly anharmonic solid: phonon lifetimes are 

quite long, as seen from a relatively small broadening of the phonon lines in (Extended Data Fig. 9). The 

contribution of anharmonic effects of lattice vibrations is expected to be tiny in such materials. To 

understand this observation, we consider in more details the electronic structure of the Re7N3 and its 

interplay with lattice dynamics of this system. We recall that Re electron configuration is Xe 4f14 5d5 6s2. 

Nine electrons are transferred from seven Re atoms to three N atoms. The remaining sp- and d-electrons 

are weakly hybridized, leading to a nearly half-filled Re d-band, similar to Re metal. Indeed, comparing the 

Re d-band of Re7N3 with the DOS of pure hcp-Re calculated at nearly the same pressure (Supplementary 

Information Fig. S3). The latter, being half-filled by 5 Re d-electrons that occupy all the bonding states 

leaving all the anti-bonding states unoccupied explains very high formation energy of Re-metal in the 

framework of the Friedel rectangular band model19. Even more well-developed separation of the bonding 

states below the Fermi energy from antibonding states above the Fermi energy by a pseudogap located in a 

vicinity of EF is seen in the DOS of Re7N3.  

In fact, comparing its electronic DOS at the synthesis pressure with that calculated at P~100 GPa 

one observes (Supplementary Information Fig. 2), besides a typical pressure induced broadening of the 

bands, a clear shift of the occupied peaks down in energy (relative to EF, see insets in Supplementary 

Information Fig. 2). Such a position of the pseudogap, in general, is a characteristic of a stable system, 

while the pressure-induced shift of the occupied peaks reduces the one-electron contribution to the total 

energy contributing to the pressure-induced stabilization of Re7N3.  

However, as we deal with a chemically complex compound with many atoms per unit cell, the 

details of the electronic structure are non-trivial. We identify the presence of a Van-Hove singularity seen 

as a peak of the electronic DOS at the Fermi level (inset in Supplementary Information Fig. S2), associated 

with rather flat bands along Г-M line (Supplementary Information Fig. S1). Though the singularity is small, 

its position at the Fermi energy is quite unfavorable from an energetic point of view, contributing to the 

observed dynamical instability of Re7N3 in the harmonic approximation at P~730 GPa (Extended Data Fig. 

9) which effectively uses the static ideal crystal lattice (with small displacements of selected ions) for 

calculations of the force constants. Note that at P~100 GPa the Van-Hove singularity is above EF, and Re7N3 

is predicted to be dynamically stable in the harmonic approximation. On the other hand, it has been 

established that lattice vibrations at finite temperature smear out the singularities of the electronic structure, 

leading to a disappearance of anomalies at the phonon dispersion relations20. As the Van-Hove singularity 

at the Fermi level observed at P~730 GPa is quite small in Re7N3, the TDEP calculations at temperature 

300 K predict that the materials is dynamically stable at the synthesis pressure (Extended Data Fig. 9).  
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Brief overview of the double-stage DAC (dsDAC) technique 

The ds-DAC original purpose was to generate ultra-high static pressures, those beyond the limit of 

a conventional DAC of about 300 to maximum 400 GPa. At first, pressures of about 600 GPa were achieved 

in a ds-DAC21, as determined on the lattice parameters of gold using powder X-ray diffraction (XRD). Then 

static equations of states (EOSes) of several metals (platinum, osmium, tungsten, and tantalum) were cross-

calibrated up to 500 GPa22 based on the EOS of gold by Yokoo et al.23 and the compressional behavior of 

Os was studied up to 774 GPa22. Hitherto, the highest static pressure achieved using ds-DACs is 1065 

GPa24, as determined on the gold pressure scale23. Modified ds-DAC designs tried by various research 

groups25–27 have not led to generating pressures comparable to those reported by Bayreuth team24. Sakai et 

al.28 conducted experiments in a ds-DAC with the secondary anvils manufactured from single crystal 

diamond using FIB and reported the maxim pressure of 460 GPa. Although these authors achieved the same 

degree of compression of rhenium as in Dubrovinsky et al.21, they reported different pressures, as they used 

the Re pressure scale of Anzellini et al.29. There is a significant inconstancy between the data of Anzellini 

et al.29 and Dubrovinsky et al.21 and this reflects some general difficulties in the pressure characterization 

at multimegabar pressures. A unique estimate of pressure becomes difficult, if there are discrepancies in 

the literature. This is the case for Re, as the results by Sakai et al.28 up to 300 GPa pressure are close to 

those of Anzellini et al.29, while Jenei’s et al.30 measurements in the same pressure range agree with the 

EOS of Dubrovinsky et al.21. 

Recently diamond anvils of a toroidal shape (t-DACs) were described by Jenei et al.30 and Dewaele 

et al.31 The both groups30,31 were able to generate static pressures above 600 GPa, thus confirming 

conclusions of Bayreuth team that pressures above 0.5 TPa may be achieved using the DAC technique. As 

pointed out by Dewaele et al.31, the toroidal shape of the diamond anvil of the t-DAC has similarities with 

the second-stage diamond anvil of the Bayreuth’s ds-DAC21,22,24. 
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Supplementary Information Figure S1. Electronic band structure of Re7N3 calculated at experimental 

volume 136.5 Å3 corresponding to calculated pressure ~730 GPa. EF denotes the Fermi energy. 
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a) 

b)  

Supplementary Information Fig. S2. (a) Electronic density of states (DOS) of Re7N3 calculated per 

formula unit as a function of energy E at experimental volume 136.5 Å3 corresponding to calculated pressure ~730 

GPa. The inset shows magnified image of the eDOS in a vicinity of the Fermi energy EF. (b) DOS of Re7N3 

calculated per formula unit at volume 200 Å3 corresponding to calculated pressure ~100 GPa is shown for 

comparison.  
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Supplementary Information Figure S3. Electronic density of states calculated as a function of energy E 

for hcp Re at V=16.95 Å3 (P=734 GPa) (a) and local partial eDOS of Re7N3 at V=136.5 Å3 (P=732 GPa) (b-d). 

(b) Total and local (atom-projected) densities of states of the Re7N3. (c) Partial (orbital-projected) local density of 

states at Re atoms. (d) Partial local density of states at N atoms. Energy zero is chosen at the Fermi energy EF.   
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Supplementary Information Figure S4. Electron localization function of Re7N3 calculated at 

experimental synthesis volume 136.5 Å3 corresponding to calculated pressure ~730 GPa. The saturation level value 

is 0.7.  
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Supplementary Information Figure S5. Spatial distributions of charge density of Re7N3 in energy regions 

[−16 eV: -10 eV] (a), [−10 eV: -4 eV] (b), and [−4 eV: -0 eV] below the Fermi energy (c), as well as total electronic 

density map (d) calculated at experimental synthesis volume 136.5 Å3 corresponding to calculated pressure ~730 

GPa.  
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Supplementary Information Fig. S6. Example of a powder diffraction pattern collected from dsDAC #3 

at ID11 (ESRF, Grenoble, France, the beam of 0.5x0.5 µm2 FWHM and the wavelength 0.2952 Å). Refinement 

performed with Le Bail fit implemented in Jana2006 software. Values of lattice parameters are given in 

Supplementary Information Table S7. Weak and relatively broad reflections of hexagonal phase are assigned to 

ReCx (x≈0.6) as far as similar phase was reported in ref.36 as a product of chemical interaction of rhenium and 

carbon in the similar pressure range. Composition of the cubic ReNx phase is approximately ReN0.2. 
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Supplementary Information Figure S7. Example of reciprocal space reconstructions (2kl plane) for the 

cubic phase (space group Fm3̅m, lattice parameter a=3.3994(7) Å) found in dsDAC #3.  
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Supplementary Information Figure S8. Formation enthalpy for the most energetically favorable 

configurations of Re-N (a) and Re-C (b) 2×1×2 supercells simulating Re-N cubic phase with NaCl (B1) type 

structure. List of formation enthalpies for all 2×1×2 supercells considered in this study can be found in 

Supplementary Information Table S5 and Table S6 for N and C, respectively.  
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Supplementary Information Figure S9. Visualization of one exemplary Re32N8 supercell simulating Re-

N cubic phase with NaCl (B1) type structure after structural relaxation. 

 

 

 

Table S1. Summary of experiments 

 Maximal pressure, GPa 

P1/P2* 

Maximal 

temperature, K 

Phases observed 

ref. 21 ref. 29 

dsDAC #1 1298(10)/173(3) 930(5)/149(3) 2200(200) Re7N3, re-crystallized Re 

dsDAC #2 974(2)/100(1) 646(2)/89(1) 2400(200) Re7N3, re-crystallized Re 

dsDAC #3 1132(7)/134(2) 730(4)/117(1) 3450(200) ReNx alloy, re-crystallized Re 

 

*In each column the first value (P1) is the pressure on the sample, and the next value (P2) is the pressure 

on primary anvils (as determined from the Re EOS according to ref. 21 or ref. 29 (in ref. 29 the EOS of Re 

was measured in quasihydrostatic He pressure medium). 
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Table S2. Details of the crystal structure refinements of Re, Re7N3, and ReN0.2 phases. 

 

  

Pressure 1240(15)21 or 905(5)29 GPa 1132(7)21 or 730(4)29 

Chemical formula Re Re7N3 ReN0.2 

Mr 186.20 1345.43 189.01 

Crystal system, space 

group 

Hexagonal, P63/mmc Hexagonal, P63mc Cubic, Fm-3m 

Temperature (K) 293 293 293 

a, c (Å) 2.2269 (4), 6.2778 (19), 3.3994 (7) 

c (Å) 3.5702 (15) 4.000 (2)  

V (Å3) 15.33 (1) 136.53 (11) 39.28 (2) 

Z 2 2 4 

Radiation type 

(synchrotron) 

λ = 0.30996 Å 0.2882 Å 

µ (mm−1) 43.22 35.28  

Crystal size (mm) 0.001 × 0.001 × 0.001 

Diffractometer ID11, ESRF 

Absorption 

correction 

CrysAlis PRO 1.171.40.84a (Rigaku Oxford Diffraction, 2019) Spherical absorption 

correction using equivalent radius and absorption coefficient. Empirical absorption 

correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling 

algorithm. 

Tmin, Tmax 

No. of measured, 

independent and 

observed [I > 2σ(I)] 

reflections 

54, 20, 19 394, 196, 148 66, 17, 17 

Rint 0.075 0.030 0.114 

(sin θ/λ)max (Å−1) 0.875 0.954 1.130 

R[F2 > 2σ(F2)], 

wR(F2), S 

0.086, 0.209, 1.34 0.057, 0.099, 1.09 0.050, 0.116, 1.54 

No. of reflections 20 196 17 

No. of parameters 2 12 1 

Δρmax, Δρmin (e Å−3) 8.01, −10.07 3.03, −3.22 9.03, −6.68 
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Table S3. Lattice parameters of Re and Re7N3 obtained during Le Bail fit of the powder diffraction 

pattern from dsDAC #2. 

Phase a, Å c, Å V, Å3 P, GPa ref.29 P, GPa ref.21  

Re LP 2.6120(2) 4.1942(6) 24.782(4) 89(1) 100(1) 

Re HP 2.2945(3) 3.6972(8) 16.856(3) 646(2) 974(2) 

Re7N3 6.3010(7) 4.0469(6) 139.15(2)   

 

 

Table S4. Crystallographic data for Re7N3 calculated at experimental volumes and temperature 

T=0 K.  

 

  

 Re7N3, 

P63mc 

PBE 

V, Å3 136.5 

Pressure, GPa 732 

a, Å 6.2772 

c, Å 4.0007 

Fractional atomic 

coordinates 

(x/a, y/b, z/c) 

Re1 

(0.3333, 0.6667; 0.8094) 

Re2 

(0.4556; 0.54440; 0.2934) 

Re3 

(0.1223; 0.8777; 0.9831) 

N 

(0.1897; 0.8103; 0.5616) 
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Table S5. Formation enthalpies of 2×1×2 supercells with Re16Nx (x=2,3,4) stoichiometry with 

different occupations of octapores by N atoms simulating Re-N cubic phase with NaCl (B1) type structure 

at 650 GPa. 

Concentration of N Enthalpy of formation, eV/atom  

0.000000 0.000000 Re HCP 

0.111111 -0.055177 Re16N2 

0.111111 -0.073184 Re16N2 

0.111111 -0.055169 Re16N2 

0.111111 -0.064662 Re16N2 

0.157895 -0.212287 Re16N3 

0.157895 -0.227716 Re16N3 

0.157895 -0.144791 Re16N3 

0.157895 -0.227759 Re16N3 

0.157895 -0.208550 Re16N3 

0.157895 -0.227710 Re16N3 

0.157895 -0.208550 Re16N3 

0.200000 -0.389473 Re16N4 

0.200000 -0.346507 Re16N4 

0.200000 -0.389651 Re16N4 

0.200000 -0.370255 Re16N4 

0.200000 -0.383485 Re16N4 

0.200000 -0.370427 Re16N4 

0.200000 -0.383653 Re16N4 

0.200000 -0.370337 Re16N4 

0.200000 -0.389473 Re16N4 

0.200000 -0.389489 Re16N4 

0.200000 -0.324581 Re16N4 

0.200000 -0.370428 Re16N4 

1.000000 0.000000 cg-N 
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Table S6. Formation enthalpies of 2×1×2 supercells with Re16Cx (x=2,3,4) stoichiometry with 

different occupations of octapores by C atoms simulating Re-C cubic phase with NaCl (B1) type structure 

at 650 GPa. 

Concentration of N Enthalpy of formation, eV/atom  

0.000000 0.000000 Re HCP 

0.111111 0.314061 Re16C2 

0.111111 0.321492 Re16C2 

0.111111 0.316490 Re16C2 

0.157895 0.300479 Re16C3 

0.157895 0.303620 Re16C3 

0.157895 0.303597 Re16C3 

0.157895 0.289469 Re16C3 

0.157895 0.289494 Re16C3 

0.157895 0.289495 Re16C3 

0.200000 0.252995 Re16C4 

0.200000 0.261154 Re16C4 

0.200000 0.276412 Re16C4 

0.200000 0.253007 Re16C4 

0.200000 0.289973 Re16C4 

0.200000 0.252827 Re16C4 

0.200000 0.240137 Re16C4 

0.200000 0.253007 Re16C4 

0.200000 0.290011 Re16C4 

0.200000 0.252822 Re16C4 

1.000000 0.000000 Diamond-C 
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Table S7. Lattice parameters of the phases obtained during Le Bail fit of powder diffraction pattern 

from dsDAC #3. 

Phase a, Å c, Å V, Å3 P, GPa (ref.29) P, GPa (ref.21) 

Re LP 2.5876(3) 4.123(4) 23.91(2) 117(1) 134(2) 

Re HP 2.2803(3) 3.622(1) 16.31(2) 730(4) 1132(7) 

ReC0.6 2.7266(8) 4.469(3) 28.77(3)   

ReN0.2 3.3994 (7)  39.28 (2)   
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