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Zusammenfassung 

Metallpolyhydride haben in den letzten Jahren aufgrund einer steigenden Anzahl von 

Vorhersagen und Messungen hoher kritischer Temperaturen (Tc) nahe der Raumtemperatur für 

supraleitende Übergänge unter Hochdruckbedingungen enorme Aufmerksamkeit erhalten. 

Üblicherweise wird die Synthese von Hydriden unter Hochdruck-Hochtemperatur-

Bedingungen (HPHT) in Diamantstempelzellen (DACs) durchgeführt und Tc in situ gemessen. 

Häufig wird die Phasenzusammensetzung der untersuchten Probe durch Pulver-

Röntgenbeugung (PXRD) charakterisiert, gelegentlich mit Unterstützung von ab initio 

Berechnungen. Diese Methode weist jedoch erhebliche Einschränkungen bei der Analyse von 

Mischungen unbekannter Reaktionsprodukte in lasererhitzten DACs (LHDACs) auf. Die 

Phasenzusammensetzung und die strukturellen Eigenschaften der Probe sind jedoch 

entscheidend für die zuverlässige Interpretation der Ergebnisse der Messung von Supraleitung. 

Jüngste Fortschritte in der Anwendung der Hochdruck-Synchrotron-Einkristall-

Röntgenbeugung (SCXRD) zur Analyse von Mehrphasen-Multikristallproben ermöglichen die 

vollständige Charakterisierung von Kristallstruktur, Kristallchemie und der chemischen 

Zusammensetzung zahlreicher kristalliner Verbindungen in komplexen Mischungen in 

LHDACs. 

Diese Dissertation präsentiert Ergebnisse zur Synthese mehrerer neuartiger 

Yttriumverbindungen in DACs durch Lasererwärmung von Yttrium mit zwei 

wasserstoffreichen Verbindungen – Ammoniumborid oder Paraffinöl – bei bis zu 3500 K und 

Drücken bis zu 170 GPa. Reaktionsprodukte wurden systematisch mittels Synchrotron-

SCXRD untersucht. SCXRD-Experimente wurden überwiegend an den Strahllinien ID11, 

ID27 und ID15b der Europäischen Synchrotronstrahlungsquelle (ESRF) in Grenoble, 

Frankreich, durchgeführt. Weitere Experimente wurden am PETRA III in Hamburg und an der 

Advanced Photon Source in Chicago durchgeführt. 

Ein wesentlicher Teil dieser Dissertation ist der Untersuchung der Kristallstrukturen 

neuer Yttriumhydridverbindungen gewidmet. In Experimenten wurden neben den zwei 

bekannten Yttriumhydriden (kubisches und tetragonales YH3), fünf neue 

Yttriumhydridverbindungen (Y3H11, Y2H9, Y4H23, Y13H75 und Y4H25) entdeckt. Der 

Wasserstoffgehalt in den entdeckten Hydriden nahm mit dem Druck zu: von 1:3 in YH3 bei 14 

GPa bis zu 1:6.25 in Y4H25 bei 171 GPa. Die Positionen der Nicht-Wasserstoff-Atome in den 

Kristallstrukturen wurden aus den SCXRD Daten bestimmt. Zur Bestimmung der Wasserstoff 

Positionen wurde ein eigener Ansatz entwickelt: Zuerst wird nach möglichen Anordnungen der 

5



 

Wasserstoffatome für gegebene Stöchiometrien mithilfe der Endeavour©-Software gesucht, 

und anschließend die Strukturmodelle mittels DFT-Berechnungen verglichen. Zusätzlich 

ermöglichten die ab initio Berechnungen die Untersuchung der dynamischen Stabilität und der 

elektronischen Eigenschaften der synthetisierten Hydride. 

Obwohl der Schwerpunkt dieser Dissertation auf der Charakterisierung der 

Hauptprodukte der chemischen Reaktionen in LHDACs (Hydriden) lag, wurden auch das 

rekristallisierte Ausgangsmaterial (Y) und Nebenprodukte analysiert, die in der 

Reaktionskammer gefunden wurden. Dies führte zur Entdeckung von drei neuartigen 

Hochdruck-Yttrium-Allotropen sowie von bisher unbekannten Carbiden, einem Carbonat und 

einem Borat. 

Das erste Yttrium-Allotrop ist ein hexagonales hP3-Y-I (Raumgruppe P6/mmm), das 

unter Umgebungsbedingungen stabilisierbar ist. Es wurde in beiden Systemen (Y-Paraffin und 

Y-NH3BH3) über einen weiten Druckbereich gefunden. Die beiden anderen Allotrope, 

hexagonales hP3-Y-II und tetragonales tI8-Y, wurden nach dem Laserheizen von Yttrium in 

Paraffinöl bei 120 GPa beziehungsweise 138 GPa erhalten. Das tI8-Y-Allotrop ist von 

besonderem Interesse, da es eine nicht geschlossen gepackte, kanalförmige Struktur aufweist, 

die für ein hochdruck-synthetisiertes Material ungewöhnlich ist. 

Ein neues orthorhombisches Polymorph von Yttriumcarbid, γ-Y4C5, wurde aus Yttrium 

und Paraffinöl in einer LHDAC bei 50 GPa synthetisiert. Die Struktur von γ-Y4C5 umfasst zwei 

Kohlenstoffgruppen mit ungewöhnlich hohen nicht-ganzzahligen Ladungen: [C2]
5.2- Dimere 

und nicht-lineare [C3]
6.8- Trimere. Ein Polymorph von Yttriumborat, oC20-YBO3, wurde bei 

90 und 120 GPa und Temperaturen von 3500 K synthetisiert. Die Struktur dieser Verbindung 

enthält BO4- Tetraeder, die über gemeinsame Ecken verbunden sind und ein einzigartiges 

isoliertes quasi-1D-anionisches Netzwerk bilden; unendlich lange, unverzweigte Bor-

Sauerstoff-Ketten in Zickzackform. Außerdem wurde das erste Orthokarbonat der Seltenen 

Erden, Y3(CO4)2, unter denselben Bedingungen in denselben DACs erhalten. 

Zusammenfassend zeigt die in dieser Dissertation präsentiert Arbeit, dass SCXRD von 

mikro-kristallinen Mehrphasenproben in LHDACs die Detektion und vollständige 

Charakterisierung von Phasen in komplexen Mischungen ermöglicht, die durch PXRD, selbst 

in Kombination mit ab initio Berechnungen, nicht identifiziert werden können. Unsere 

Ergebnisse zeigen die Komplexität der Yttrium-Paraffinöl- und Yttrium-Ammoniumboran-

Systeme sowie deren Mehrphasencharakter bei hohem Druck nach Laserheizen und 

insbesondere die Bildung verschiedener Yttriumhydridverbindungen, Carbiden, eines 

Carbonats und eines Borats wurde experimentell nachgewiesen. Die zuvor vorhergesagte und 
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experimentell beobachtete Tendenz zur Bildung von Hydriden mit höherem Wasserstoffgehalt 

bei erhöhtem Druck wurde auch in dieser Dissertation bestätigt. Es wurden mehrere 

Yttriumhydride synthetisiert, die weder zuvor durch Simulationen vorhergesagt noch 

experimentell beobachtet wurden. Die Beobachtung, dass die Synthese von Hydriden in 

LHDACs zu komplexen Mehrphasenmischungen führt, kompliziert akkurate Messungen 

physikalischer Eigenschaften, insbesondere Tc, einzelner Verbindungen. Dies unterstreicht die 

Bedeutung der Entwicklung neuer Ansätze für die präzise Untersuchung physikalischer 

Eigenschaften von Mehrphasenmischungen. 
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Summary 

Metal polyhydrides have gained enormous attention in recent years due to their claimed 

high critical temperature (Tc) for superconducting transitions at high pressures. Usually, 

hydride synthesis is carried out under high-pressure high-temperature (HPHT) conditions in 

diamond anvil cells (DACs), and the Tc measurements are realized in situ. Commonly, the 

phase composition of the sample under investigation is characterized using powder X-ray 

diffraction (PXRD), sometimes with the assistance of ab initio calculations. However, this 

approach has serious limitations when dealing with a mixture of unknown products of chemical 

reactions in laser-heated DACs (LHDACs). The phase composition and structural 

characteristics of the sample are crucial for the reliable interpretation of the results of 

superconductivity measurements. Recent advancements in the application of high-pressure 

synchrotron single-crystal X-ray diffraction (SCXRD) for the analysis of multiphase multigrain 

samples enable the full characterization of the crystal structures, crystal chemistry, and 

chemical composition of numerous crystalline compounds in complex mixtures in LHDACs. 

The thesis presents results on the synthesis of several novel yttrium compounds in 

DACs by laser heating yttrium with two hydrogen-rich precursors — ammonia borane or 

paraffin oil — up to 3500 K at pressures up to 170 GPa. These compounds were systematically 

investigated using synchrotron SCXRD. Most of the SCXRD experiments were conducted at 

beamlines ID11, ID27, and ID15b of the European Synchrotron Radiation Facility (ESRF) in 

Grenoble, France. Additional experiments were performed at PETRA III in Hamburg and the 

Advanced Photon Source in Chicago. 

A major part of the thesis is dedicated to the study of the crystal structures of novel 

yttrium hydrides. In the experiments, in addition to the two known yttrium hydrides (cubic and 

tetragonal YH3), five new yttrium hydrides (Y3H11, Y2H9, Y4H23, Y13H75, and Y4H25) were 

discovered. The hydrogen content in the discovered hydrides was found to increase with 

pressure, from 1:3 in YH3 at 14 GPa to 1:6.25 in Y4H25 at 171 GPa. The positions of non-

hydrogen atoms in the crystal structures were determined from synchrotron SCXRD data. The 

positions of H atoms were proposed using our original approach: first, we searched for possible 

arrangements of hydrogen atoms for given stoichiometries using Endeavour© software, and 

then the structure models were compared using DFT calculations. Additionally, the ab initio 

calculations allowed us to investigate the dynamic stability and electronic properties of the 

synthesized hydrides. 
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Although the main focus of this thesis was the characterization of the main products of 

the chemical reactions in LHDACs (hydrides), we also analyzed the recrystallized precursor (Y) 

and minor by-products found in the reaction chamber. This led to the discovery of three novel 

high-pressure yttrium allotropes and previously unknown carbides, a carbonate, and a borate.  

The first yttrium allotrope is a hexagonal hP3-Y-I (space group P6/mmm), which is 

recoverable to ambient conditions. It was found in both systems (Y-paraffin and Y-NH3BH3) 

over a wide pressure range. The other two allotropes, hexagonal hP3-Y-II and tetragonal tI8-

Y, were obtained after laser heating of yttrium in paraffin oil at 120 GPa and 138 GPa, 

respectively. The tI8-Y allotrope is of special interest as it has a non-closed-packed, channel-

like structure, which is unusual for a material synthesized at high pressures. 

A new orthorhombic polymorph of yttrium carbide, γ-Y4C5, was synthesized from 

yttrium and paraffin oil in a laser-heated diamond anvil cell at 50 GPa. The structure of γ-Y4C5 

includes two carbon groups with unusually high non-integer charges: [C2]
5.2- dimers and non-

linear [C3]
6.8- trimers. A polymorph of yttrium borate, oC20-YBO3, was obtained at 90 and 120 

GPa and temperatures of 3500 K. Its structure contains BO4 tetrahedra connected via common 

vertices, forming a unique isolated quasi 1D anionic network – infinite zig-zag unbranched 

boron-oxygen chains. Additionally, the first rare-earth metal orthocarbonate, Y3(CO4)2, was 

obtained in the same DACs under the same conditions. 

In conclusion, the work performed within this dissertation demonstrates that SCXRD 

of microcrystalline multiphase samples in LHDACs enables the detection and full 

characterization of phases in complex mixtures that cannot be identified by PXRD, even when 

combined with ab initio calculations. Our results reveal the complexity of the yttrium-paraffin 

oil and yttrium-ammonia borane systems and their multiphase character at high pressure after 

laser heating – the formation of various yttrium hydrides, carbides, a carbonate, and a borate 

has been experimentally demonstrated. The previously predicted and experimentally observed 

tendency for the formation of hydrides with higher hydrogen content under increased pressure 

was also confirmed in this work. Several yttrium hydrides that were neither previously 

predicted nor observed experimentally were discovered. Since the synthesis of hydrides in 

laser-heated DACs leads to the formation of complex multiphase mixtures, it complicates the 

interpretation of measurements of physical properties, including Tc, of individual compounds, 

underscoring the importance of developing novel approaches for such studies. 
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Chapter 1. Introduction. 

1.1. Outlook on the evolution of superconductors. 

This work is motivated by reports of high-Tc superconductivity at HP in metal-hydrogen 

systems [1–5], therefore, a brief overview of the development of research on superconductors 

is given below. Discovered in 1911 by Heike Kamerling Onnes, superconductivity in mercury 

at temperatures near absolute zero revolutionised the understanding of electrical conductivity. 

Superconductivity is a phenomenon observed in certain materials that exhibit absolutely zero 

electrical resistance and expel magnetic fields when cooled below a specific critical 

temperature (Tc). These materials enable the efficient transmission of electricity, powerful 

electromagnets, and advanced technologies like MRI machines and particle accelerators. Over 

the following decades, researchers uncovered more superconducting materials and delved into 

the theoretical underpinnings of the phenomenon. In 1957, John Bardeen, Leon Cooper, and 

Robert Schrieffer developed the BCS theory, explaining superconductivity in conventional 

superconductors [6]. Later, a major breakthrough in 1986 was done when Johannes Bednorz 

and Karl Müller discovered superconductivity in Ba−La−Cu−O ceramic materials (Tc = 35 

K) [7]. The study of superconductors continues to be a vibrant field of research, with the quest 

for high-temperature (HT) or even room-temperature superconductivity being one of the most 

exciting and challenging goals in modern physics. The major advantage of high-temperature 

superconductors is that they can be cooled using liquid nitrogen, in contrast to the previously 

known superconductors that require expensive and hard-to-handle coolants, primarily liquid 

helium [8]. However, since the discovery of HgBa2CaCuO6+x in 1993 (Tc = 130 K) [9], the 

search for new, more efficient higher-temperature superconductors at ambient pressure has not 

yet yielded promising results (Fig. 1.1). 

Pressure is a key thermodynamic variable that significantly affects the properties of 

materials, including increasing the critical temperature of superconducting materials. Recent 

advances in experimental techniques have enabled the synthesis of new HT superconducting 

materials under high pressure (HP). Hydrogen when compressed to immense pressures of ⁓ 

400 GPa was predicted to form a simple atomic phase with very high critical superconducting 

temperatures Tc ⁓ 230 K [10,11]. This theoretical insight still awaits experimental confirmation 

due to experimental difficulties, a variety of hydrogen-rich materials have been suggested 

recently to have record high Tc values. To date, all systems with high superconducting critical 

temperatures (Tc > 200 K) that have been accessed under pressure are hydrogen-rich materials 

(Fig. 1.1) [12–14]. 
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Research on HT superconductors has taken a major step forward in the last 

decade.  [13,15]. Following the discovery of HT superconductivity (Tc = 203 K at 155 GPa) in 

sulfur hydride (H3S) in 2015 [14], a significant number of hydrogen-rich materials, such as 

metal hydrides: LaH10 [3,16], CaH6 [17], BaH12 [18], YH6 and YH9 [5,19], CeH9 [20], 

PrH9 [1], ThH10 [21], UH7 and UH8 [22], were claimed to be high-Tc superconductors under 

HP. Nevertheless, there are still debates about the correctness of Tc measurements, data 

processing and interpretation of results. One of the concerns relates to Tc measurements in the 

absence of detailed information about the phase and chemical composition of products of 

chemical reactions taking place in the sample chamber of a DAC after laser heating. Reliable 

conclusions concerning the superconductivity, i.e., values of measured Tc, the isotopic effect, 

and the dependence of the superconducting transition on magnetic field, are problematic 

considering a variable hydrogen content in the same phase and/or the inhomogeneous products’ 

mixture.  

 
Figure 1.1. Timeline of discoveries of conventional superconductors with increasing 

superconducting critical temperature Tc (modified after [15]). Note: results on C-S-H room-

temperature superconductor synthesis were refuted and the corresponding paper was retracted 

from Nature [23].  

 1.2. Yttrium hydrides. 

As promising high-Tc superconductors, high-pressure yttrium hydrides have been 

extensively studied. Under ambient conditions, two yttrium hydrides cF4-YH2 (Fm3̅m) and 

hP2-YH3 (P63/mmc)  [24] are known (here Pearson symbols refer to the arrangement of Y 

atoms only; hydrogen content inferred from the chemical formulas may refer to an 

experimentally determined, theoretically proposed, or empirically estimated amount of 

hydrogen atoms). At moderately high pressures (10-25 GPa), hP2-YH3 undergoes a phase 
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transition to cF4-YH3  [25], which also can be produced by hydrogenation at ambient 

temperature of cF4-YH2  [26]. The cF4-YH3 phase was found to be stable at ambient 

temperature under high pressures up to 325 GPa  [19]. At pressures above 200 GPa, the long 

treatment of YH3 with pressurized hydrogen without heating leads to the formation of 

tetragonal tI2-YH4 and cubic cI2-YH6  [19]. Heating yttrium with hydrogen-bearing precursors 

at mild pressures (up to 50 GPa) results in the formation of hP3-YHx (x = 1.4-3) hydrides with 

variable H-content along with cF4-YH3 [19]. At higher pressure, above 100 GPa, the high-

temperature syntheses of yttrium hydrides with a higher hydrogen content (tI2-YH4  [19], cI2-

YH6
  [19], oI2-YH7 (Imm2) and aP2-YH7 (P1)  [5], and hP2-YH9 (P63/mmc)  [2,19]) were 

reported. Among them, based on experimental data, the cI2-YH6 and hP2-YH9 phases were 

claimed to have high superconducting transition temperatures, Tc∼224 K at 166 GPa  [5] and 

Tc∼243 K at 201 GPa  [19], respectively. Moreover, up to date several theoretical studies on 

the Y–H system were reported  [4,5,27] and a variety of hydrides with a  high hydrogen content, 

namely mC2-YH8  [4], cF4-YH9 (F4̅3m), cF4-YH10 (Fm3̅m)  [5], and mC4-YH12 (C2/c)  [4], 

were predicted to be stable but not yet found in experiments. It is important to note that the 

chemical compositions and structures of only YH2 and YH3 have been unambiguously 

determined  [25,26], whereas those of all other hydrides have been based on theoretical 

predictions and/or empirical estimations. It is also worth mentioning that the accuracy and 

limitations of these predictions may vary among different studies. Therefore, there are some 

inconsistencies between the predictions and experiments (i.e. many predicted Y-H compounds 

have not been found so far, predicted values of Tc differ significantly from those reported based 

on measurements, among other discrepancies), some puzzling results, such as negative 

resistance for YH6 at 183 GPa  [5], and very different Tc onsets from experiment to 

experiment  [28]. Additionally, not all of the claims are easy to justify in the absence of detailed 

information about the phase and chemical composition of products of chemical reactions taking 

place in the sample chamber of a DAC after laser heating. Some problems with the currently 

available experimental data interpretation may be associated with the synthesis technique: 

hydrides at HP are often obtained by heating metals embedded in paraffin oil or ammonia 

borane [3,5,19,21,29–31], and one cannot exclude that other, non-hydride phases (e.g., carbon 

and boron compounds) may form in the system under investigation [32,33] and their properties 

can influence the measurements of superconductivity. Therefore, a reliable conclusions 

concerning the superconductivity, i.e. values of measured Tc, the isotopic effect, and the 

dependence of the superconducting transition with magnetic field, are problematic considering 
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a variable hydrogen content in the same phase and/or the inhomogeneous products’ mixture 

(namely the presence of phases other than the superconducting one), which can greatly affect 

the resistivity [34], magnetic susceptibility  [14,35], and magnetic resonance 

measurements  [14,30]. Thus, the published values of Tc remain highly disputed [34,37–40]. 

Therefore, a comprehensive investigation of the reactions between yttrium and hydrogen from 

different initial hydrogen sources and the crystal structure determination of all individual 

phases after HP-HT treatment is necessary and has been carried out in the present work. 

1.3. Yttrium at high pressure conditions. 

Determining the crystal structure and composition of hydrides is a very complex task, 

since usual experimental methods, such as X-ray diffraction or optical spectroscopies, are not 

capable to determine the positions of hydrogen atoms. Instead, the amount of hydrogen in a 

metal hydride synthesized at HP is often estimated by comparing its unit cell volume with that 

of the metal at the same pressure. This requires information about the equation of state of the 

metal, and understanding of the volume changes with hydrogen content, the latter typically 

determined based on density functional theory (DFT) calculations.  

The EoS of yttrium at pressures up to 180 GPa was published recently [41]. At ambient 

pressure, yttrium possesses a close-packed hcp structure, hP2-Y in Pearson’s notation (space 

group P63/mmc), and under compression up to 100 GPa at room temperature yttrium undergoes 

a series of phase transitions typical for rare-earth metals, with the structures differing only in 

the stacking of close-packed atomic layers: hcp (P63/mmc, hP2) → α-Sm type (R-3m, hR9) → 

dhcp (P63/mmc, hP4) → fcc (Fm-3m, cF4) → distorted-cF4 (R-3m, hR24) [41]. The sequential 

structural transitions are well understood with the s-d electronic transition model [42–44]. It 

should be noted that this sequence of transitions has been reported based on powder XRD data 

upon the compression of yttrium in the absence of a pressure transmitting medium. 

Interpretation of powder diffraction data is not trivial considering the coexistence of several 

phases due to the sluggish character of transformations at room temperature and similarities of 

the hP2, hR9, hP4, and cF4 structures that results in a significant overlap of diffraction peaks 

of different phases. The behavior of yttrium at HP-HT conditions has not been studied prior to 

the research described here. 

1.4. By-products resulting from the synthesis of yttrium hydrides. 

Complex chemical reactions, which occur upon the synthesis of hydrides at high 

pressures, often strongly complicate the analysis and interpretation of the results. In 

experiments conducted in DACs, carbon is unavoidable potential reagent/contaminant, which 
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can originate not only from the diamond anvils but also from hydrogen source precursors, such 

as paraffin oil. During laser heating, this carbon can participate in chemical reactions. In 

particular, it has been shown that in laser-heated DACs metal carbides appear along with metal 

hydrides  [33,45,46]. The presence of oxygen in the reaction system is apparently related to 

oxygen contamination of yttrium pieces since yttrium loading was done in air, and therefore 

the partial oxidizing of yttrium was possible. Therefore, the observation of carbonates and other 

oxygen-bearing compounds is possible. In this work, several by-products were obtained, 

including two novel yttrium carbides, a borate, and a carbonate. Consequently, previous 

investigations of carbides, borates, and carbonates are briefly summarized below. The crystal 

chemistry of metal carbides, borates, and carbonates is of intrinsic interest and has been 

thoroughly investigated in this thesis. 

1.4.1. Yttrium carbides. 

Carbon has the capability of forming various bond states affecting the structures and 

properties of transition metal carbides [47]. Most metal carbides are either substitutional or 

interstitial solid solutions, or they form binary compounds with simple crystal structures (e.g., 

of a NaCl type) [48]. However, more complex carbides with covalent C-C bonds are also 

known.  

There is a large number of metal carbides containing [C2] dimers, for example, CaC2, 

SrC2, BaC2, YC2, Y2C3, LaC2, La2C3, CeC2, TbC2, YbC2, Dy2C3, and LuC2 [48–53]. The C-C 

bond length in these carbides depends on the charge of the cation and increases proportionally 

with the valence of the metal [54–56]. The crystal chemistry of carbides containing triatomic 

[C3] units is much more varied. The [C3] unit is known to exist in Li4C3, Mg2C3, Me4C7 (Me = 

Y, Ho, Er, Tm, Lu), Sc3C4, and Ln3C4 (Ln = Ho - Lu) compounds [48,57–60]. The structures 

of Ln3C4 contain both [C3] and [C2] units, as well as isolated carbon atoms. Usually [C3] trimers 

are linear [C=C=C]4- groups with the C-C bond length of 1.34-1.35 Å (e.g., like in Mg2C3), 

which is close to that in gaseous allene (1.335 Å) [61]. However, the [C3] units in Sc3C4 and 

Ln3C4 (Ln = Ho – Lu) structures are not linear. Hoffmann and Meyer [62] performed a fragment 

molecular orbital analysis to study the bonding characteristics of the [C3] units in Sc3C4 with 

the unusual bending (175.8°), the latter attributed to the packing arrangement. Later, more 

binary carbides with Me4C7 (Me = Y, Ho, Er, Tm, Lu) compositions containing similar [C3] 

units, but with bending angles of 167.8° – 168.3°, were found [48,57].  

High pressure alters the bonding patterns in carbides, leading to new compounds with 

unusual structural units and interesting properties, and as such, compression might enable 
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exploring the catenation of carbon. Namely, for the binary systems Mg-C [63], Ca-C [64], Y-

C [65,66], and La–C [47], ab initio structure search predicts the formation of unusual metal 

carbides with exotic [C4], [C5] units and [C6] rings, graphitic carbon sheets, and a number of 

structural transitions. Recently, the experimental observation of the CaC2 and Ca3C7 with 

deprotonated polyacene- and para-poly(indenoindene)-like nanoribbons confirmed 

predictions of more exotic carbon polymerisation and enhanced carbon chemistry under HP-

HT conditions [67]. Carbon polymerization under high pressure can drastically change the 

physical properties of carbides and can lead, for example, to superconductivity [68,69]. 

At ambient pressure, the yttrium carbides family includes a large variety of binary 

phases with different stoichiometry and crystal chemistry [48]: Y2C with isolated carbon 

atoms; YC2 and Y2C3 with [C2] units; Y3C4 with [C3] units; Y4C5 with both single carbon atoms 

and [C2] units; Y4C7 with single carbon atoms and [C3] units. For Y4C5, two modifications are 

known: low-temperature α-Y4C5 and high-temperature β-Y4C5 [70]. Whereas the crystal 

structure of α-Y4C5 was solved and refined (space group Pbam (#55), a = 6.5735(9) Å, 

b = 11.918(1) Å, c = 3.6692(5) Å) at ambient conditions [70], the structure of β-Y4C5 remains 

unknown. Under high pressure, only Y2C3 has been investigated  [71–73]. Therefore, the 

carbides found as by-products of the chemical reactions in hydride synthesis were not set aside, 

but investigated in this work and the results become a part of this thesis. 

1.4.2. Yttrium borates and carbonates. 

Borates, as multifunctional optical materials, can modulate the light provided by 

common laser sources and have been used as nonlinear optical, and luminescent 

materials [74,75]. Over the past several decades, more than 4000 borates, including synthetic 

borates and borate minerals, have been reported [74].To date, three types of B–O units, linear 

[BO2] (boron in the sp-hybridized state), triangular [BO3] (boron in the sp2-hybridized state), 

and tetrahedral [BO4] (boron in the sp3-hybridized state), have been observed in these 

borates [76]. While linear [BO2] units are extremely rare [76–78], triangular [BO3] and 

tetrahedral [BO4] units are widely observed in the crystal structures of borates. The 

combination of corner-shared [BO3] and [BO4] basic units results in the rich structural 

chemistry of borates: isolated anionic borate clusters, or polymerization into one-dimensional 

chains, two-dimensional layers, or three-dimensional B-O networks [76,79–84]. The 

application of high pressure to borates synthesis has an immense impact on borate chemistry 

enriching its diversity and particularly playing an important role in the stabilization of rare 

borates with edge-sharing [BO4] tetrahedra [85,86].  
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Currently, there are 130 known structures of anhydrous rare-earth borates in ICSD. 

Only for yttrium, there are a bunch of reported anhydrous borates. Besides several borates 

synthesized at ambient pressure, YBO3 [87–89] and Y3BO6 [90] containing isolated [B3O9]
6- 

or [BO3]
3- anions, several more borates Y(BO2)3 [91], α-Y2B4O9 [92], β-Y2B4O9  [93] and 

YB7O12 [94] were obtained under high pressure since 2017. These high-pressure phases 

possess different anionic motifs: bands of BO4 tetrahedra, as well as planar BO3-groups in β-

Y2B4O9, ribbons of BO4 tetrahedra in Y(BO2)3, and 3D frameworks of BO4 tetrahedra in α-

Y2B4O9 and YB7O12. 

Carbonates are important class of inorganic solids, that have been studied extensively 

at high pressures both from geoscience and material science perspectives [95]. The high-

pressure synthesis of new carbonates enriched the list of C-O anions, including now not only 

the planar trigonal [CO3]
2- group with the sp2-hybridized carbon, common for numerous 

carbonates known at ambient conditions, but also pyrocarbonate [C2O5]
4- anion [96,97] and 

more complex sp3-carbonates built of CO4 tetrahedra — isolated [98–100] or connected to 

other tetrahedra by corner-sharing forming rings [101–103], finite  [98,104] or infinite 

chains [105]. Rare-earth carbonates at ambient conditions are usually present as carbonate 

crystallohydrates, oxo- or hydroxo-carbonates. High-pressure rare-earth carbonates were 

previously unknown until one was discovered as a by-product in the synthesis of yttrium hydrides 

in the present work. 
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Chapter 2. Methods and instruments. 

This chapter describes the main experimental methods: the generation of high pressure 

and temperature conditions, X-ray diffraction, and the computational approaches used in this 

thesis. 

2.1. Generation of extreme conditions in experiments. 

High-pressure high-temperature studies are of great importance for physics, chemistry, 

geo, and material sciences. It enables the discovery of novel materials with unexpected and 

previously unknown unique physical properties, as well as modelling the internal conditions of 

the Earth and other planetary bodies for understanding their geochemical evolution and core-

mantle interactions. Pressure (P) can be expressed as P = 
𝐹

𝑆
, where F is the force applied normal 

to the surface area and S is the area of that surface. Therefore, generating high pressures 

requires either decreasing the area S or increasing the force F. These concepts have been 

incorporated into the design of numerous high-pressure devices over the past few decades. For 

instance, piston-cylinder apparatuses [106] and multi-anvil presses [107] are devices primarily 

designed to maximize the applied force on quite large samples (⁓ 0.1 - 1 cm in each dimension). 

Conversely, reducing the area S and consequently the sample size to micrometer dimensions, 

as achieved with diamond anvil cell devices, has proven effective for attaining significantly 

higher pressures, up to 1 TPa [108,109]. 

2.1.1. The design and working principles of a multi-anvil press. 

The standard multi-anvil apparatus can generate pressures up to ~25 GPa, while 

maintaining a relatively large sample (~10 mm3 in volume). The most known design of a multi-

anvil apparatus is the Kawai-type [110]. A Kawai-type multi-anvil press consists of a 

hydraulically driven ram that compresses two opposing guide blocks, each containing three 

hardened steel primary stage anvils (Fig. 2.1). These anvils are shaped to compress a cubic 

array of eight second-stage tungsten-carbide (WC) anvils, resulting in a so called 6-8 type 

multi-anvil apparatus. The interior corner of each WC cube is truncated to fit an octahedral 

assembly (Fig. 2.1). The smaller the size of the truncation is the higher are the pressures that 

one can generate. Pyrophyllite gaskets are glued along the sides of the WC-anvils truncations 

to enclose the high-pressure chamber where the cell assembly is placed. The sample is typically 

enclosed in capsules measuring a few millimeters, which are surrounded by a resistive heater 

made of LaCrO3 or graphite cylinder furnace, surrounded by a thermally insulating ZrO2 

sleeve, and the entire assembly is placed within a MgO octahedron. The MgO octahedron 

serves as the pressure medium and ensures that the experiment is under hydrostatic stress. Two 
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disks made of either molybdenum are placed both on the top and bottom of the octahedron 

assembly to ensure optimal electrical connection between the resistive heater and the truncated 

faces of the WC cubes during the experiment. 

 
Figure 2.1. The 6-8 type multi-anvil apparatus (modified after  [111]). 

In this thesis, some samples were synthesized at HP-HT conditions using the multitonne 

multi-anvil presses at the BGI (Bayreuth, Germany) [112] at a pressure of 20 GPa and a 

temperature of 2000 K; synthesis times were 24 h (for more details see section 4.3). We used 

a standard MA assembly that included a graphite cylindrical sample capsule, a LaCrO3 heater, 

an octahedral container, and other parts [112]. Using single-crystal XRD (SCXRD) we selected 

high-quality crystals from the recovered samples and used them for further investigations in 

diamond anvil cells. 

2.1.2. The design and working principles of diamond anvil cells. 

The DAC technique is the most successful method for producing high-pressure 

conditions. Due to the great transparency over a wide range of electromagnetic radiation and 

the highest thermal conductivity of diamonds among the solids known to the world, DAC is 

one of the most valuable tools for in situ studying materials under extreme conditions. 

The fundamental concept of pressure generation in a diamond anvil cell involves 

compressing the material between the flat tips (culets) of two high-quality polished diamond 

anvils that are carefully driven towards each other. A typical DAC (Fig. 2.2a) consists of a 

metal body with a pair of hard seats, usually made of tungsten carbide. Diamond anvils are 

Pyrophyllite 

gaskets

MgO octahedron WC-anvils

Set of eight 

cubic WC-anvils

Outer system of six 

hardened steel anvils

Uniaxial load 

up to 5000 tonnes
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precisely positioned on these seats, and a metallic gasket (made of chemically inert at ambient 

conditions metals or alloys such as rhenium, steel, or beryllium) with an indentation and a 

circular hole is placed between the anvils, creating a sample chamber (Fig. 2.2b-c). 

 

Figure 2.2. BX90-type diamond anvil cell. (a) Exploded view (modified after [113]): (1) outer 

cylinder part, (2) inner piston part, (3) diamond supporting plates, (4) diamond anvils, (5) 

metallic gasket, (6) M4 screws for generating loading force, (7) pack of conical spring washers 

(Belleville springs), (8) setscrews for diamond anvils alignment, (9) safety setscrews. (b) 

Schematic diagram of a pressure chamber. (c) A microphotograph of the DAC sample chamber 

was taken under an optical microscope through the diamond anvil (top view). The culet 

diameter is 250 μm. (d) Schematic examples of the culet shapes. Diamond anvils with culets 

diameter below 150 μm are usually bevelled. (e) Different types of diamond anvils and seats. 

Left part - standard brilliant-cut diamond and seat for spectroscopic measurements; right part 

- Boehler-Almax designed diamond anvil and seat for X-ray diffraction experiments. 

 

The size of the diamond anvil culet can vary from about a millimeter to tens of 

micrometers (such small culets are usually beveled) (Fig. 2.2d), significantly influencing the 

maximum achievable pressure. However, as the culet size decreases, so does the size of the 

sample that can be examined. The geometric shape of the diamond cut and seat, along with the 

aperture of the DAC body, are critical parameters that determine the cell’s suitability for 

specific types of experiments. For instance, in spectroscopic experiments, where the DAC 

remains stationary during measurements, typically standard brilliant cut anvils (Fig. 2.2e) and 
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flat seats are used. For experiments requiring sample rotation, such as X-ray diffraction, large 

aperture Boehler-Almax diamond anvils and seats are required (Fig. 2.2e). 

In the current work we used specially designed BX90 cells with a large opening angle 

together with commercial diamonds of Boehler-Almax design [114] produced by Almax 

easyLab which provide the highest opening angle of 80°. 

2.1.3. Pressure transmitting media. 

A pressure-transmitting medium is used to isotropically transfer pressure from the 

compressing diamonds to the sample, providing (quasi-)hydrostatic conditions and a 

homogeneous pressure distribution [115]. Without this medium, a single crystal in the pressure 

chamber would be crushed by the contracting gasket and diamonds, since the DAC is designed 

for uniaxial compression. However, achieving true hydrostatic conditions above 15 GPa at 

ambient temperature is not possible [116], as no compounds remain in a liquid state under these 

conditions. To serve as proper pressure medium the solids should have low bulk and shear 

moduli, and tensile strength. Solid noble gases (He, Ne, Ar), and some alkali metal halides, 

meet these requirements. Important to note, that pressure medium not only ensure pressure 

distribution but also serve as pressure calibrants (e.g., Ne, Ar), or can participate in chemical 

reactions under extreme conditions (e.g., paraffin oil, O2, N2), or provide thermal insulation 

layers during laser heating experiments (e.g., NaCl, KCl, LiF). Gases can be loaded into the 

DAC sample chamber using a high-pressure gas-loading apparatus [117] or cryogenically, 

while solids and liquids (at atmospheric pressure) can be loaded manually. 

In this work, two main pressure media were used: paraffin oil (CnH2n+2) and ammonia 

borane (NH3BH3), which also act as hydrogen-rich precursors. The use of these hydrogen 

sources has already been demonstrated to be an effective alternative to pure hydrogen for DAC 

synthesis experiments in many studies  [3,5,19,21,30,31,36,46,118]. 

2.1.4. Pressure determination. 

In diamond anvil cell experiments, accurate in situ pressure determination is critical. 

There are several common methods involving the use of various calibrants.  

The first method involves using a pressure marker, a material with a well-known 

response to applied pressure. This marker is loaded into the DAC along with the sample and 

can be analyzed using various analytical techniques. For instance, one can use the pressure 

dependence of ruby (Cr-doped Al2O3) laser‐induced fluorescence, measuring the positions of 

its particular spectral line  [119,120]. As pressure increases, the intensity of the ruby 

fluorescence signal significantly decreases, disappearing entirely above 100 GPa. Additionally, 
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the presence of ruby in the DAC sample chamber may lead to chemical reactions, potentially 

causing contamination, especially during high-temperature experiments. 

To avoid these problems one can use the pressure dependence of the first-order Raman 

mode of a diamond culet [121]. While less precise due to the uncertainties in laser beam 

focusing, this method is favored for experiments above 100 GPa or where ruby use is 

impractical. 

The next common and most precise approach for pressure evaluation is in situ X-ray 

diffraction, where the unit cell parameters of the pressure standard are obtained. The pressure 

is calculated using the known equation of state (EoS) of the standard material. The EoS 

describes how thermodynamic variables such as volume (V), pressure (P), and temperature (T) 

are related, incorporating parameters like bulk modulus and thermal expansion. Several 

analytical isothermal EoS are available [122,123], with the 3rd order isothermal Birch-

Murnaghan EoS [123,124] (Equation 2.1) being one of the most frequently used, particularly 

in the current thesis. 

𝑃 =  
3𝐾0

2
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𝑉
)
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𝑉
)
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where P is the pressure, V – volume, V0 – initial value of non-compressed compound, 𝐾0 =

−𝑉 (
𝜕𝑃

𝜕𝑉
)

𝑇
 – the bulk modulus, and 𝐾′ = (

𝜕𝐾

𝜕𝑃
)

𝑇
 – its derivatives. Throughout this thesis, all 

EoS were established under a constant temperature of 293 K. 

Typically, calibrators are chemically inert compounds with simple crystal structures 

and high crystal symmetry in which pressure-induced phase transitions are absent or very well 

known.: metals (Au, Pt, W, Mo, Re) [125–128], binary compounds (MgO, NaCl, KCl, KBr, 

LiF) [125,128–132], or solidified gases (Ar, Ne, He, N2) [128,133–135].  

In this study, the diamond Raman mode was employed for initial pressure estimation, 

while more precise determination was relied on XRD data and the EoS of Re (gasket material). 

2.1.5. Generation of high temperatures through laser heating in diamond anvil cells. 

Laser heating (LH) is an essential tool for in situ high temperature generation in DAC, 

enabling various studies of physical and chemical processes under extreme conditions and the 

synthesis of novel materials. The transparency of diamonds in a large range of energies of 

electromagnetic radiation and heat dissipation allows to precisely focus a high-power laser on 

the tiny sample, without damaging the diamond anvils. The choice of laser wavelength depends 

on the absorption properties of the sample. Common options include CO2-based infrared (λ = 

10.6 μm) and Nd:YAG near-infrared (λ ~ 1064 nm) lasers. The first one is suitable for heating 

transparent materials, whereas the second is used for non-transparent materials. 
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In the experiments described in this thesis a portable double-sided laser heating setup 

(Fig. 2.3), with the capability of in-situ temperature determination [136], was used. This setup 

enables heating the sample from both sides with a tightly focused Nd:YAG laser beam (5 µm 

at FWHM), therefore, it offers precise heating for tiny samples at very high pressure. 

 
Figure 2.3. Schematic diagram of the double-sided laser heating system for diamond anvil cells. 

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; CMOSs 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 at 1064 nm; and NDs are neutral density 

filters (modified after [136]). 

 

2.2. X-ray diffraction. 

X-ray diffraction (XRD) is a technique used to analyse the crystal structure, chemical 

composition, and physical properties of crystalline materials, particularly important for the 

study of samples in DACs.  

2.2.1. Basic principles. 

Atoms in a crystal form a three-dimensional lattice whose periods are comparable to 

the wavelength range of X-rays (0.1 – 100 Å), therefore diffraction can occur. X-ray diffraction 

is the interference of secondary waves in the coherent elastic scattering of X-rays, where the 

direction and intensity of the secondary beams depend on the wavelength and structure of the 

scattering. Constructive interference of rays “reflected” from two neighboring atomic planes 

occurs when the difference in their paths equals an integer number of the wavelength, known 

as the Bragg condition - 2d·sin(θ)= n·λ (Fig.2.4). 

Power adjustment node
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Figure 2.4. The illustration of the Bragg condition. Incident X-rays approach parallel atomic 

planes and diffracted X-ray beam scattered on the lower plane travels an extra length of 

2d·sin(θ). Constructive interference occurs when the difference in the path lengths is equal to 

an integer number of the wavelength. d is the spacing between diffracting crystallographic 

planes, θ - angle of the incident X-ray, λ - wavelength of the beam, n - integer number. 

The peaks on the pattern due to constructive interference are known as Bragg 

reflections. The position of Bragg reflections reveals the size and shape of a unit cell. Analysing 

the intensities of these reflections helps reconstruct the electronic density distribution within 

the unit cell, which is crucial for identifying atomic positions, atom types, chemical bonds, and 

any crystallographic disorder. 

2.2.2. Powder and single-crystal XRD. 

Traditionally, X-ray diffraction (XRD) is classified into two main approaches: powder 

diffraction [137] and single-crystal diffraction [138]. The information that can be extracted 

from powder and single-crystalline samples is different.  

A powder sample has many randomly oriented tiny crystallites that scatter X-rays 

independently. When X-rays hit a crystallite, they diffract at an angle 2θ if the Bragg condition 

is met. This diffraction creates a cone (an opening angle is 4θ) around the initial beam. When 

this cone intersects with the detector, it forms circular cross-sections known as Debye-Scherrer 

rings, centered on the direct beam axis (Fig. 2.5). Each ring consists of closely spaced 

diffraction points from individual crystallites. By determining the d-spacings of these 

diffraction peaks, one can identify the lattice parameters of the phase. However, this method 

faces challenges with new phases in the sample. In powder XRD, structure solution is nearly 

impossible due to the loss of intensity values of Bragg reflections. 

d·sin( )

2d·sin( )=n·λ

d
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Figure 2.5. The illustration of the formation of diffraction pattern: the occurrence of Debye-

Scherrer cones and an example of X-ray diffraction images produced by a powder sample 

(rhenium). 

In contrast, single-crystal XRD is a more advanced technique for the structure solution. 

Single-crystal XRD patterns contain a series of diffraction spots distributed at specific positions 

in reciprocal space (Fig. 2.6). Since Bragg condition is satisfied only at precise θ-angles for a 

given d-spacing and wavelength, the crystal must be oriented in multiple directions relative to 

the incident beam to capture all reflections. This approach allows accurate extraction of the 

intensities of all measured reflections, thereby facilitating the determination of the sample’s 

atomic structure. 

 
Figure 2.6. Example of X-ray diffraction images produced by a single crystal. The reflections 

on the pattern are the Bragg reflections from Y4H25 crystal and diamond anvils. 

 

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

Applying XRD techniques to LH-DACs is more complex than performing routine XRD 

experiments under ambient conditions. Firstly, the sample environment introduces additional 

XRD signals: the solidified pressure-transmitting medium, the pair of diamond anvils, and the 
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gasket material, all of which complicate the diffraction pattern. Secondly, the metallic body of 

a DAC shadows over 60% of the Bragg reflections, which degrades the quality of the collected 

data. Thirdly, the sample size poses a challenge: for DAC experiments at pressures exceeding 

50 GPa, the sample size is typically ⁓ 10-20 μm in each direction. Moreover, after the laser-

heating procedure, the sample within the DAC may undergo decomposition and chemical 

reactions, potentially resulting in the formation of numerous small (even sub-micron sized) 

crystallites of various phases. Each of these crystallites would act as a single-crystal and give 

its own set of spotty Bragg’s reflections. Thus, the sample in LH-DACS is usually in 

polycrystalline form. On the synchrotron facilities providing sufficiently small X-ray beam we 

can study such polycrystalline samples in situ, applying methods of SCXRD to individual 

grains of micrometer to sub-micrometer size. This, of course, demands high precision and 

reproducibility from the motors of the goniometer and sample stage to accurately align the 

sample with the X-ray beam.  

The procedures of DAC’s alignment, data acquisition and processing are described in 

the next subsections. 

2.3.1. DAC alignment on a goniometer. 

The sample and X-ray spot are both of an order of a few micrometres in size, requiring 

precise alignment based on X-ray absorption to ensure high-quality XRD data. The DAC is 

placed in a holder on the goniometer’s sample stage, which can move the DAC in a 

submillimeter ranges in y and z directions perpendicular to the direction of the beam. The X-

ray beam intensity through the DAC is recorded by a diode (Figure 2.7). The resulting 

absorption curve reflects the varying X-ray absorption of the DAC's components: tungsten 

carbide seats, bulk gasket, indented gasket, sample chamber, and the sample itself. If the sample 

has a high absorption coefficient, its position can be determined directly from the absorption 

curve, otherwise, the center of the sample chamber can still be aligned with the X-rays (via y 

and z scans) and the sample can be brought into the beam using an optical microscope. 

The next critical step in SCXRD data acquisition in DACs is to align the desired sample 

area with the goniometer rotation axis. Since both the beam and the sample are typically a few 

microns in size, the sample must remain under the beam throughout the rotation during SCXRD 

collection. The triangulation procedure performed by scanning the sample chamber (or sample 

itself) along the y-axis at two different goniometer’s angles (increasing iteratively from ±1° to 

±25°) allows correcting DAC’s position along the x direction to bring it to the rotation axis. 
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Figure 2.7. An illustration of the XRD experiment in a diamond anvil cell on synchrotron 

facilities: the geometry of the experiment and a schematic representation of the absorption 

profile acquired during the alignment procedure. Small humps on the sides of the absorption 

curve are caused by the deformation of diamonds and the 

corresponding gasket’s thickness. 

 

2.3.2. 2D X-ray maps of the DAC’s sample chamber 

As mentioned above, after LH of the DAC, the sample interior is often a multi-grain 

combination of crystallites belonging to several different phases, which may be non-

homogeneously distributed within the sample chamber. In order to find the best location for 

the SCXRD data collection, or to obtain information on the distribution of different phases, 2D 

XRD maps can be collected. In this procedure, XRD images (with or without ω rotation) are 

collected stepwise as the DAC moves in the y and z directions with a step equal to the beam 

size. The number of steps should be sufficient to cover the entire sample chamber or the desired 

sample area. This set of images can be manually analyzed using the DIOPTAS program [139] 

or imported into XDI software [140], which creates contrast maps based on the intensity of 

selected d-spacing (one needs to find the unique non-overlapping peaks for each phase) and 

therefore allows to observe a phase distribution in the sample. Figure 2.8.  shows an example 

of a D XRD map for a sample in the chamber of ⁓120 μm in diameter with diamond culet size 

of 250 μm. The map is built upon 3721 frames (61x61 points separated by Δ = 2 μm in each 

direction). The map enables also to pinpoint the location of grains (domains) of the best 

crystallinity for a particular phase, those giving the richest spotty pattern, thus most appropriate 

for SCXRD measurements. 
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Figure 2.8. Illustration of the 2D X-ray map showing the localization of the phase distribution 

in the sample chamber. (a) A 2D XRD map (61x61, Δ=2 μm) of the sample chamber showing 

the distribution of three phases (coloured in green, red, and blue) in the DAC. (b) One frame 

from the SCXRD dataset taken at ω = 0° at the area of Phase 1. 

    

2.3.3. Data processing. 

Since the majority of this thesis relies on single-crystal XRD, with powder XRD serving 

as a supplementary method, this section will primarily focus on the data processing procedures 

for single-crystal XRD datasets. 

Prior to any data collection powder and single-crystal calibration files must be created. 

The calibration file contains valuable information for the correct data processing. This 

information usually is the X-ray wavelength, the sample to detector distance, the x-y position 

of the primary beam, the pixel size of the detector, the beam polarization, as well as, corrections 

for the tilting of the detector. To create a calibration file for SCXRD data processing one has 

to collect SCXRD of a material with very well-known unit cell parameters (i.e. a standard). In 

this thesis, a single crystal of (Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 orthoenstatite (Pbca, a = 

18.2391(3), b = 8.8117(2), c = 5.18320(10) Å), was used to calibrate the instrument model of 

the CrysAlisPro software [141]. Once the calibration is complete, the experiments with the 

desired samples can be started. 

The SCXRD is then measured in the selected from mapping points while the DAC is 

rotated around the vertical goniometer axis ω with the frames being collected from ω = -36° to 

ω = 36° with a step of Δω = 0.5°. After the collection of the dataset for the selected point, it is 

analyzed in the CrysAlisPro software to identify phases and their crystal structures and chemical 

composition. The general procedure of the multigrain dataset analysis contains the following 

steps:  
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• Step 1. Perform the peak search using CrysAlisPro package.  

Peak hunting involves extracting peak intensities and coordinates from the experimental 

diffraction frames. The software then reconstructs the positions of the peaks in reciprocal space. 

Figure 2.9a. shows the reciprocal space representing all reflections of the dataset for the 

example under consideration. These can be the reflections from reaction products, initial 

reagents, pressure-transmitting medium, diamonds, and gasket material. 

• Step 2. Apply ‘advanced filtering’ in CrysAlisPro to get rid of diamond or other parasitic 

peaks and artifacts. 

• Step 3. Find all single-crystal domains in the dataset.  

Finding the initial peaks to determine the unit cell is typically challenging, particularly with 

laser-heated samples that contain numerous crystallites. The recently developed DAFi 

program [142] allows automatic the separation of SCXRD from the individual crystallites of 

polycrystalline samples (Figure 2.9b). 

• Step 4. Find the lattice parameters of all domains in the dataset using the indexing procedure 

implemented in CrysAlisPro [141]. 

 
Figure 2.9. Illustration of the data analysis of the SCXRD. (a) All collected reflections of a full 

dataset displayed in the reciprocal space. (b) Eighteen sets of reflections from different domains 

found in the dataset using DAFi software. (c) Reflections of the strongest domain of the desired 

phase, which was chosen for integration and structure solution. 

• Step 5. Select the most strongly diffracting domain for each found phase (Figure 2.9c.), 

perform integration, and extract the .hkl file. 

For the given single-crystal domain the CrysAlisPro predicts the positions of the reflections 

and integrates their intensities, taking into account the reflection’s shape and the background 

level. The software proposes a space group based on systematic absences, while the user 

evaluates data quality using metrics such as the frame scaling curve and confidence values 

provided by the program: Rσ and Fobs
2/σint(Fobs

2) and the quality of merged intensities of 

symmetry-equivalent reflections represented by Rint. These values can be expressed as follows: 

a) b) c)
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𝑅𝜎 =
∑[𝜎𝑖𝑛𝑡(𝐹𝑜𝑏𝑠

2 )]

∑[𝐹𝑜𝑏𝑠
2 ]

                  Equation 2.2. 

𝜎𝑖𝑛𝑡(𝐹𝑜𝑏𝑠
2 ) =  √∑[𝐹𝑜𝑏𝑠

2 −〈𝐹𝑜𝑏𝑠
2 〉]

2

𝑛
                Equation 2.3. 

𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜𝑏𝑠

2 −〈𝐹𝑜𝑏𝑠
2 〉|

∑|𝐹𝑜𝑏𝑠
2 |

                 Equation 2.4. 

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

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

2 〉 is its mean 

value over all measured equivalents, 𝑛 is the number of redundant reflections. 

If the integration quality is not satisfactory, the process can be re-run by adjusting various 

variables that affect the processing of detector images, such as background correction, 

reflection masking, integration range, and others. At the end, the software generates a file 

containing all hkl reflections with their intensities, which can then be used to solve the structure. 

• Step 6. Solve and refine the crystal structure of each of the different phases found using 

Olex2 software [143].  

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

in this thesis it was Olex2. During the structure solution process, the atomic positions, atom 

types, and thermal parameters are calculated from the intensities of collected reflections. The 

diffracted X-rays carry information on both the reciprocal vectors and the electronic density 

distribution within the sample's unit cell.  

The intensities I of Bragg reflections are proportional to the square of the structure factor I 

~ |Fq|
2, which is a Fourier transform of the electron density ρ of the crystal. However, the exact 

distribution of electron density in a crystal is unknown, so the electron density in a crystal is 

represented as the sum of the electron densities of atoms ρa. Therefore, the structure factor F is 

described as the sum of atomic scattering factors fa, which are very well studied (Equation 2.5.). 

In the case of X-ray diffraction, the atomic scattering factor fa depends on the atomic number 

of the element Z and scattering angle (sin(θ)/λ): at zero angle it is equal to Z, and as the angle 

increases it decreases sharply. According to the Bragg law, the vector q can be written as 𝑞⃗ =

ℎ𝑎∗⃗⃗⃗⃗⃗ + 𝑘𝑏∗⃗⃗ ⃗⃗ + 𝑙𝑐∗⃗⃗⃗⃗  (the a*, b*, and c* - are the unit cell vectors in reciprocal space: (aa*) =  (bb*) 

= (cc*) = 1, (ab*) = (ac*) = (ba*) = (bc*) = (ca*) = (cb*) = 0. Thus, the structural factor can 

be expressed as: 

𝐹ℎ𝑘𝑙 = ∑ 𝑒−2𝜋𝑖𝑞⃗⃗𝑟𝑗⃗⃗⃗⃗ ∫ 𝜌𝑎
𝑗 (𝑟𝑎)𝑒−2𝜋𝑖𝑞⃗⃗𝑟𝑎⃗⃗⃗⃗⃗

𝑉
𝑑𝑟𝑗 = ∑ 𝑒−2𝜋𝑖𝑞⃗⃗𝑟𝑗⃗⃗⃗⃗

𝑗 𝑓𝑎𝑗
= ∑ 𝑒−2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)𝑓𝑎𝑗𝑗  

Equation 2.5. 

where the summing is carried out for the all atoms in the unit cell; hkl – Miller indices of a 

given Bragg reflection; xj, yj, zj – coordinates of the j atom. 
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However, for a real crystal it is necessary to take into account corrections for the 

population of the position of each atom aj and its thermal displacements tj (tj= 𝑒−2𝜋2𝑈𝑞2
=

𝑒
−8𝜋2𝑈

𝑠𝑖𝑛2𝜃

𝜆2 = 𝑒
−𝐵

𝑠𝑖𝑛2𝜃

𝜆2 ). Therefore, the structural factor F reflections can be written as: 

𝐹ℎ𝑘𝑙 = ∑ 𝑎𝑗𝑓𝑎𝑗𝑒−𝐵𝑛(
𝑠𝑖𝑛𝜃

𝜆
)

2

𝑁
𝑗=1 𝑒2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)             Equation 2.6. 

where B=8𝜋2𝑈 [Å2] is a 𝐵-factor directly related to the mean square isotropic displacement of 

the 𝑗th atom U. It is important to note, that thermal motion is always anisotropic, because motion 

along an atomic bond with a change in its length is significantly less likely than motion across 

it. Thus, the anisotropic form of thermal oscillations can be represented by ellipsoids with six 

parameters: 𝑡ℎ𝑘𝑙 = 𝑒−2𝜋2(𝑈11ℎ2𝑎∗2
+𝑈22𝑘2𝑏∗2

+𝑈33𝑙2𝑐∗2
+2𝑈12ℎ𝑘𝑎∗𝑏∗+2𝑈13ℎ𝑙𝑎∗𝑐∗+2𝑈23𝑘𝑙𝑏∗𝑐∗) 

It is important to note that the structure factor F expresses in electronic units the wave 

field scattered by all the atoms in the cell, so as expected for a travelling wave, it should have 

not only an amplitude component but also a phase component: F = |F(q)|·exp(iψ(q)). Due to 

the high frequency of X-ray radiation the existing today detectors can only measure the time-

averaged value of the energy flux (intensity I) carried by the wave, which is proportional to the 

amplitude. Therefore, the phase can be extracted from experiments that creates a “phase 

problem” [144], the main issue of the structure solution process. A process of elaboration of 

phases is nowadays automated; there are a number of techniques implemented in different 

structure solution programs: direct methods, Patterson synthesis, heavy-atom method, charge 

flipping, etc [145–147]. However, incomplete high-pressure datasets can decrease chances of 

the structure solution especially for low-symmetry structures (triclinic and monoclinic). 

After evaluation of the structural factor, the electronic density distribution can be 

established (within the inverse Fourier transform (FT): ρ=FT-1(Fhkl)), completing the initial 

structural model. The next step involves refining the structural model against the experimental 

dataset using least-squares minimization. This process adjusts parameters such as atomic 

coordinates, occupancies, and anisotropic thermal displacement parameters. 

Agreement between the model and experimental data is defined by residual R-factors, which 

represent the quality of the structural model: 

𝑅1 =
∑||𝐹obs|−|𝐹calc||

∑|𝐹obs|
                 Equation 2.7. 

𝑤𝑅2 = [
∑ 𝑤|𝐹obs

2 −𝐹calc
2 |

∑ 𝑤𝐹obs
2 ]

1

2
                Equation 2.8. 

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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2.4. Computational approaches. Density functional theory in solid state chemistry and 

physics. 

Density functional theory (DFT) is a powerful computational method in modern 

theoretical physics, chemistry, and materials science. In the context of computational materials 

science, DFT calculations allow the prediction and calculation of material behavior. Due to the 

limitations of direct measurement of sample properties in high-pressure experiments in DACs, 

DFT calculations are especially important for high-pressure research because of their ability to 

predict and explain the properties of materials under extreme conditions. Moreover, DFT aids 

in solving crystal structures under high pressure, compensating for the uncertainties of high-

pressure experiments and improving the reliability of structural analysis results, especially for 

the hydride structures where hydrogen atoms cannot be located from SCXRD data. 

2.4.1. Basics of DFT approaches. 

DFT is grounded in the quantum mechanical description of many-electron systems. In 

many-body electronic structure calculations, according to the Born–Oppenheimer 

approximation the nuclei can be fixed [148], generating a static external potential Vext, in which 

the electrons are moving. The starting point for any quantum mechanical system is the time-

independent Schrödinger equation for many electrons [149]: 

𝐻̂Ψ = [𝑇̂ + 𝑉̂ + 𝑈]Ψ = [∑ (−
ℏ2

2𝑚𝑖
∇𝑖

2)𝑁
𝑖=1 + ∑ 𝑉(𝑟𝑖)

𝑁
𝑖=1 + ∑

𝑒2

|𝑟𝑖−𝑟𝑗|

𝑁
𝑖<𝑗 ] Ψ = EΨ,       Equation 2.9. 

where the first term 𝑇̂ is the kinetic energy, 𝑉̂ is the potential energy from the external field 

due to the positively charged nuclei, and  𝑈̂ is the electron-electron Coulomb interaction 

energy. 

For periodic systems, Bloch’s theorem [150] simplifies the treatment of electrons in a 

crystal lattice. It states that the wavefunctions can be expressed as: 

Ψ𝑛𝑘(𝑟) = 𝑒𝑖𝑘𝑟𝑢𝑛𝑘(𝑟),                                       Equation 2.10. 

where 𝑢𝑛𝑘(𝑟) is a function with the periodicity of the lattice, 𝑒𝑖𝑘𝑟 is a plane wave, k is the 

wavevector, and n is the band index.  

This form reduces the problem to solving for the periodic part 𝑢𝑛𝑘(𝑟) within a single 

unit cell within the plane-wave representation of the electronic wavefunctions, greatly 

simplifying the calculations. The Projector-Augmented-Wave (PAW) method  [151,152] is 

commonly used to expand the electronic wave function in plane waves.  

The next step to simplify the computational complexity and the core idea of DFT is to 

use the electron density 𝜌(𝑟) rather than the many-electron wavefunction to determine the 

properties of a system. The electron density is a function of three spatial coordinates, whereas 

the wavefunction is a function of 3𝑁 coordinates for a system with 𝑁 electrons. This 
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simplification is due to the Hohenberg-Kohn theorems [153], which state that the ground-state 

properties of a many-electron system are uniquely determined by its electron density 𝜌(𝑟).  

Based on these theorems, Kohn and Sham developed an approach to simplify the 

complex many-body problem with a one-body problem within an effective potential [154]. 

This potential accounts for electron-electron interactions via the exchange correlation 

functional, ensuring that it has the same ground state density as the interacting system. Kohn-

Sham equation can be written as: 

[−
ℏ2

2𝑚𝑖
∇𝑖

2 + 𝑉eff(𝑟)] 𝜓𝑖(𝑟) = ɛ𝑖𝜓𝑖(𝑟),                            Equation 2.11. 

where ɛi is the orbital energy of the corresponding Kohn–Sham orbital ψi, therefore, the density 

for an N-particle system can be written as: 

𝜌(𝑟) =  ∑ |𝜓𝑖(𝑟)|2𝑁
𝑖 ,               Equation 2.12. 

The Veff is the effective potential:  

𝑉eff(𝑟) = 𝑉ext(𝑟) + ∫
𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟′ + 𝑉𝑥𝑐(𝜌(𝑟)),                                                         Equation 2.13. 

The first term in Equation 2.13. equation is the external potential due to the nuclei, the second 

describes the electron-electron interaction, and the third is the exchange-correlation potential. 

The iterative Self-Consistent Field (SCF) method [155] is used to find the ground state 

and energy of a system. The SCF procedure can be described following way: (1) initial guess 

for the electron density ρ(r) → (2) construct effective potential Veff (Equation 2.13.) → (3) 

solve the Kohn-Sham equations to obtain the Kohn-Sham orbitals ψi and eigenvalues 

ɛi (Equation 2.11.) → (4) calculate the new electron density from the Kohn-Sham orbitals 

(Equation 2.12.) → (5) check if the change in density (or energy) is below a predefined 

convergence criteria. If the convergence is not sufficient, repeat the procedure with the updated 

value of ρ(r). 

Exchange-Correlation Functional 

The exact form of the exchange-correlation functional 𝑉xc[𝜌(𝑟)] is unknown and must 

be approximated. The accuracy of energy predictions depends significantly on the choice of 

exchange-correlation functional. Several main approximations are known: 

1. Local Density Approximation (LDA). 

LDA [154] assumes the exchange-correlation energy per electron at an exact point depends 

only on the density 𝜌(r) of a homogeneous electron gas at that point. Works well for systems 

with slowly varying electron density but can be less accurate for strongly correlated systems 

or those with rapidly varying densities. LDA often overestimates total and binding energies 

(resulting in shorter predicted bond lengths), and underestimates band gaps. 

2. Generalized Gradient Approximation (GGA). 
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GGA [156] improves upon LDA by incorporating the gradient of the electron density, 

therefore, the energy is a function of both the density 𝜌(r) and its gradient ∇𝜌(r). Generally, 

GGA is more accurate than LDA, but can still overestimate exchange-correlation energy, and 

underestimate total energy (overestimate band gaps) of systems, especially those involving 

weak interactions such as van der Waals forces. Popular GGA functionals are PBE [157] and 

BLYP [158] functionals.  

3. Meta-GGA. 

By considering additional terms in the functional - by including higher derivatives of the 

density – and considering the Kohn-Sham kinetic energy it provides a more accurate 

description of total energy and band gaps for semiconductors. Popular meta-GGA functionals 

include TPSS and SCAN  [159]. 

4. Hybrid Functionals. 

Further improvement in accuracy by considering the combination of the exact Hartree-Fock 

exchange with GGA or LDA exchange-correlation functionals. Typically provide better 

accuracy for band gaps and overall energies, but can sometimes underestimate reaction 

energies. Examples: B3LYP [160] and HSE [161]. 

More complex and accurate Meta-GGA and Hybrid functionals are more time-

consuming and require more computational resources than LDA and GGA. GGA strikes a good 

balance between accuracy and computational efficiency, making it suitable for large systems 

and extensive simulations. Therefore, the GGA PBE functional, proposed by Perdew–Burke–

Ernzerhof [162],  is the most commonly used in solid-state physics 

Several DFT programs support LDA, GGA, hybrid functionals, and more advanced 

methods, namely Vienna Ab initio Simulation Package (VASP) [163], Quantum 

ESPRESSO [164], ABINIT [165], WIEN2k [166] – are widely used for materials science and 

solid-state physics research. 

Once the ground state has been found, it is possible to calculate various physical 

properties, such as elastic, magnetic and optical properties, phonon and electronic band 

structures, densities (total DOS and partial PDOS) of states, charge density distribution, energy 

surface in reciprocal space (Fermi energy surface), electron localisation function (ELF), 

chemical reactivity and more. 

2.4.2. Evaluation of physical properties using DFT calculations. 

Lattice vibrational and dynamic properties.  
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Lattice vibrations are the oscillations of atoms around their equilibrium positions within 

a crystal lattice. These vibrations can be quantized into collective excitations known as 

phonons. Phonons significantly influence various physical properties of materials. Therefore, 

DFT phonon calculations provide crucial insights into the dynamic behavior of materials, 

which is essential for understanding and predicting material properties and stability under 

various conditions. The phonon band structure can be obtained through the calculation of the 

force constants which describe how the force on one atom changes due to the displacement of 

another atom. Typically, it is done using the finite displacement method or density functional 

perturbation theory (DFPT)  [167]. In the first approach, small displacements are applied to 

atoms, and the resulting forces are calculated to derive the force constants. The second is a 

more efficient and accurate approach that calculates the response of the system to small 

perturbations directly within the DFT framework, but it is more time-consuming and can hardly 

be used for complex systems with a large number of atoms in the unit cell. 

Electronic Properties Calculation  

Band structure and DOS. The electronic band structure of a material describes the 

relationship between the energy of electrons and their wave vectors in solids. It provides critical 

information about the electronic properties of the material, such as its conductivity or band gap. 

After charge density and the potential are calculated self-consistently (SCF calculations), the 

electronic band structure along high-symmetry paths in the Brillouin zone can be calculated 

using Non-Self-Consistent Field calculation. For the DOS and PDOS calculations, an accurate 

integration over the whole Brillouin zone is crucial (e.g. for accurate band gap evaluation). The 

tetrahedron method [168] is often used to integrate the Brillouin zone. In this method, the 

Brillouin zone is divided into a large number of small tetrahedra, usually using a k-point grid, 

then the integrals within each tetrahedron are calculated, and the integration over the Brillouin 

zone is approximated by summing the contributions from each tetrahedron. 

Electron Localization Function. The ELF [169] is a tool to quantify the degree and the 

regions of electron localization, therefore, it provides insight into chemical bonding. From the 

obtained Kohn-Sham orbitals, one can calculate the probability of finding an electron in a given 

position relative to its homogeneously distributed counterpart (homogeneous electron gas): 

ELF(r) = (1 + (
𝐷(r)

𝐷ℎ𝑜𝑚(r)
)

2

)
−1

                        Equation 2.14. 

where D(r) – is the total electron localisation and Dhom(r) – for a homogeneous electron gas.  

Thus, ELF values range from 0 (delocalized electrons) to 1 (localized electrons), with 0.5 

representing electron gas-like behavior. Visualization through contour plots or isosurfaces can 

be used for understanding bonding patterns or lone pairs. 
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Fermi Surface Calculation. The Fermi surface is the surface in reciprocal space that 

separates occupied from unoccupied electron states. The geometrical characteristics of the 

Fermi surfaces, such as the shape, curvature, and cross-sectional area, are related to the physical 

properties of metals such as electronic transport (including predictions of the 

superconductivity), specific heat, magnetic susceptibility, optical absorption. It can be obtained 

from the electronic structure calculation – one can identify the points in the Brillouin zone 

where the energy equals to the calculated Fermi energy (the energy difference between the 

highest and lowest occupied single-particle states in a quantum system). The most common 

software packages for visualizing Fermi surfaces, allowing analysis of its topology, are 

XCrySDen [170] and FermiSurfer [171]. 

Bader's analysis: charge and critical points calculations. Using the Bader’s Quantum 

Theory of Atoms in Molecules [172], one can analyse the critical points of the electron density 

ρ (the points where ∇ρ = 0) and the Bader charges for each atom [172]. This provides a 

framework for a better understanding of the nature of bonding interactions between atoms. The 

total electronic charge density, obtained from DOS DFT calculations, is partitioned into regions 

corresponding to individual atoms using Bader's method [172,173], which identifies critical 

points in the charge density gradient. Charges associated with each atom are obtained by 

integrating the charge density around the critical points within the atomic basins. 

Thus, the DFT is a powerful and versatile tool in solid-state chemistry and physics, 

allowing researchers to model and predict the properties of materials from first principles. 

Although it has limitations, ongoing developments in functionals and computational methods 

continue to improve its accuracy and applicability.  

In this study, the first-principles calculations were done using the framework of density 

functional theory as implemented in the VASP [174]. To expand the electronic wave function 

in plane waves we used PAW method [151,152]. The GGA PBE functional  [162] was used for 

calculating the exchange-correlation energies. Convergence tests for energy and forces per 

atom were conducted for each understudied system to find the proper Monkhorst-Pack [175] 

k-point grid and an energy cutoff for the plane wave expansion. The phonon frequencies and 

phonon band structure calculations were performed in the harmonic approximation with non-

analytical term correction (Born’s correction [176,177] for semiconductor cases) with the help 

of PHONOPY software [178] using the finite displacement method and DFPT for proper 

supercell. The tetrahedron method  [168] was used for Brillouin zone integration. Fermi surface 

visualization was made with the XCrySDen software [170]. The analysis of the critical points 

of the electron density ρ and Bader charges was done with the assistance of the Critic2 
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software [179], and the special code from Henkelman Group© [173,180], respectively, both 

codes are compatible with DFT output files. In our static calculations, the effect of zero-point 

motion and temperature was neglected. More details on the DFT calculations used in this thesis 

can be found in Sections 4.1 - 4.4.  
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Chapter 3. Thesis synopsis. 

 This chapter provides a short overview of the results presented in Chapter 4, that have 

been published or will be submitted to peer-reviewed journals.  All sections are focused on the 

diverse high-pressure chemistry found in Y-paraffin oil and Y-NH3BH3 systems at different 

pressure ranges. 

Section 4.1 is dedicated to the detailed study of the Y-paraffin oil and Y-NH3BH3 

systems at pressures up to 50 GPa and temperatures up to 3000 K. A novel hP3 yttrium 

allotrope and its hydride with variable hydrogen content were synthesized. The synopsis of 

Section 4.1 is presented below in Section 3.1. 

In Section 4.2 the crystal chemistry of the products of the reactions between Y and 

paraffin oil or Y-NH3BH3 in a pressure range of 87-171 GPa is discussed. It includes a 

description of two novel yttrium allotropes, five hydrides - Y3H11, Y2H9, Y4H23, Y13H75, and 

Y4H25, and one carbide – YC2. The synopsis of Section 4.2 is presented below in Section 3.2. 

In Section 4.3, the synthesis and structure characterization of a novel orthorhombic 

polymorph of yttrium carbide, γ-Y4C5, at pressures of ~16-50 GPa are presented. Section 4.4 

focused on more complex by-products of hydride synthesis - yttrium orthocarbonate Y3CO4 

and borate YBO3 - obtained in the Y-NH3BH3 system at two pressures of 90 and 120 GPa and 

a temperature of 3500 K. The synopses of Sections 4.3 and 4.4 are presented in Section 3.3. 
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3.1. The Y-paraffin oil and Y-ammonia borane systems at pressures up to 50 GPa and 

temperatures up to 3000 K.   

As was explained in the Introduction Chapter, for complete understanding of behavior 

of Y-H system above 150 GPa, where superconductive phases are expected, the systematic 

study of the system at moderate pressure range is mandatory. Moreover, the structure 

determination of the metal hydrides requires information about the equation of state of the 

metal, and an understanding of the volume changes with hydrogen content. In this part of the 

thesis, we report the results of HP-HT study of the Y-paraffin oil and Y-NH3BH3 at pressures 

up to ~50 GPa. In both investigated systems, synchrotron SCXRD reveals the formation of 

novel hP3 yttrium allotrope with the CaHg2–type structure and its hydride. Additional 

experiments with Gd and Nd have shown that this structural type is common for rare-earth 

hydrides. 

A novel high-pressure yttrium allotrope, hP3-Y (space group P6/mmm), was 

synthesized in a multi-anvil press at 20 GPa and 2000 K which is recoverable to ambient 

conditions. The SCXRD data from recovered material prove the formation of the hexagonal 

hP3-Y phase. The existence of a novel Y phase with non-close-packed structure is unexpected 

finding and to confirm such a result, its relative stability and electronic properties were 

investigated using ab initio calculations. The enthalpy calculations demonstrated, that hP3-Y 

allotrope is metastable at ambient conditions, but became thermodynamically preferable above 

28 GPa in comparison to other yttrium allotropes. With a detailed analysis of the electronic 

structure of the new yttrium allotrope from DFT calculations, the stabilization of hP3-Y can be 

rationalized in terms of electronic s → d transfer, a mechanism common for lanthanides.  

We have further shown that at HP-HT conditions hP3-Y can dissolve a significant 

amount of hydrogen (up to 3 hydrogen atoms per one yttrium atom) through a direct reaction 

of yttrium with different hydrogen-rich precursors, this may play an important role in the 

synthesis of potential high-Tc superconducting yttrium hydrides under higher pressures. 

Hydrogen content was estimated based on the difference in volume per yttrium atom in the 

obtained YHx phase and yttrium metal under the same conditions. We showed that hP3-YHx 

hydrides feature a variable hydrogen content (x = 1.4-3) depending on pressure. 

To extend this study, we perform similar HP-HT experiments with Nd and Gd metals 

in paraffin oil. Isostructural hP3-(RE)Hx hydrides (RE= Nd and Gd) were obtained, which 

suggests that hP3-Y structure type may be common for other rare-earth elements. Thus, the 

presented results enrich the Y phase diagram and suggest that it is important to further 

investigations of the structural phase transitions in other RE metals and their hydrides.  
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3.2. The Y-paraffin oil and Y-ammonia borane systems at pressure of 87-171 GPa and 

temperatures up to 3500 K.   

The yttrium-hydrogen system at higher pressures (above 50 GPa) has gained a special 

attention due to reported near-ambient temperature superconductivity in yttrium hydrides at 

such pressure regime. We conducted a study using synchrotron single-crystal X-ray diffraction 

(SCXRD) at 87-171 GPa, resulting in the discovery of known (two YH3 phases) and five new 

yttrium hydrides (Fig. 3.1). These were synthesized in diamond anvil cells by laser heating 

yttrium with hydrogen-rich precursors — ammonia borane or paraffin oil. The arrangements 

of yttrium atoms in the crystal structures of new phases were determined based on SCXRD, 

and the hydrogen content estimations based on empirical relations and ab initio calculations 

revealed the following compounds: Y3H11, Y2H9, Y4H23, Y13H75, and Y4H25. The study also 

uncovered a carbide (YC2) and two yttrium allotropes (see Sections 4.3 and 4.4).  

 

Figure 3.1. The crystal structures of the yttrium hydrides synthesized in this work [45]. Yttrium 

and hydrogen atoms are shown in green and light pink, respectively. For Y2H9 and Y13H75, 

only the Y metal framework is shown. 
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Novel yttrium allotropes, hexagonal hP3-Y-II (P6̅m2) and tetragonal tI2-Y (I4/mcm), 

were obtained at 120 GPa and 138 GPa after laser heating Y in paraffin oil, respectively. The 

crystal structure of tI8-Y is quite unusual, especially for material synthesized at very high 

pressures, it is isostructural to the host sublattice of the incommensurate Bi-III phase. 

Moreover, such an arrangement of Y atoms was predicted for the host sublattice of a 

hypothetical host-guest structure of yttrium.  

 The previously known cubic cF4-YH3 and tetragonal tI2-YH3 yttrium hydrides were 

obtained simultaneously after sample laser-heating, regardless of the hydrogen precursor – 

paraffin oil or NH3BH3, at five different pressures: 87, 90, 100, 116, and 120 GPa. The tI2 

phase obtained from ammonia borane has a larger atomic volume and is thus expected to have 

the YH3+δ composition.  

Five novel Y-H phases with a so far unknown arrangement of yttrium atoms were 

revealed by SCXRD data analysis. To search for possible hydrogen positions in hydride 

structures, we have proposed our original approach involving the use of Endeavour™ software 

and DFT calculations. Below a summary of the phases’ composition and synthesis conditions 

is given: 

• hP3-Y-I based hydride (which was discussed above in Section 3.1) were synthesized 

by the reaction between Y and paraffin oil at 87 GPa and between Y and ammonia 

borane at both 90 GPa and 120 GPa. In this study, the estimated stoichiometry at all 

experimental pressures is Y3H11 = YH3.77 (Fig. 3.1), which differs from previously 

published results at lower pressures. 

• The hP2-Y2H9 solid was observed at 120 GPa in the cell with Y in NH3BH3. The same 

hcp yttrium framework was reported in hP2-YH9 synthesized above 180 GPa, however, 

according to Retger’s law approximation, in our experiment the volume per atom 

suggested half as less hydrogen content. 

• Two Y13H75 and Y4H23 compounds were found after LH yttrium in paraffin oil at 138 

GPa (Fig. 3.1). For Y13H75 we weren’t able to propose a reliable model for the H atoms’ 

location in the structure. Y4H23 hydride adopts the Na4Si23-type, which has previously 

been experimentally seen and/or theoretically predicted for the three metal hydrides 

M4H23, where M = Ba, La, Eu. 

• The Y4H25 compound was synthesized upon laser-heating Y and paraffin oil at 171 GPa 

(Fig. 3.1). 
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Furthermore, along with hydride phases, in our experiments at 87 and 120 GPa with 

paraffin oil we found a previously unknown yttrium carbide, YC2. 

This work demonstrates the complexity of the chemical processes in the Y–NH3BH3 

and the Y–paraffin oil systems at high pressures and high temperatures. In total, seven yttrium 

hydrides YHx (x=3-6.25), two novel yttrium allotropes, and one carbide YC2 were detected and 

characterized using synchrotron SCXRD. The hydrogen content in the discovered hydrides was 

found to increase with pressure, i.e. from YH3 at 87 GPa to YH6.25 at 171 GPa. The presence 

of phases other than yttrium hydrides, especially compounds with metallic conductivity, can 

lead to a sharp drop in the electrical resistance of a sample upon low-temperature measurements 

and the misinterpretation of the results. Therefore, knowledge of the phase composition, crystal 

structures, and transport properties of individual phases is needed for unambiguous judgment 

on the electronic properties of complex hydride systems. Our results point out significant 

difficulties in producing monophase samples using paraffin oil and NH3BH3 precursors, which 

are necessary for a reliable assessment of the physical properties of materials, including 

superconductivity, and promote the use of SCXRD on polycrystalline samples as an essential 

tool for hydrides’ characterization. 

3.3. Hydrogen-free minor by-products found in the reaction chamber.  

The carbon, originating from the diamond anvils, are capable of acting as a carbon 

source and participate in chemical reactions. Therefore, the formation of the carbides during 

synthesis in DACs cannot be excluded. Due to the possible partial oxidizing of metal pieces, 

the presence of oxygen in the reacting mixture is also possible. Apart from hydrogen, paraffin 

oil and ammonia borane also contain carbon, nitrogen, and boron, which can react with yttrium, 

resulting in the formation of various yttrium compounds beyond yttrium allotropes and yttrium 

hydrides. These unexpected byproducts may also feature a unique crystal chemistry. In this 

section we describe γ-Y4C5, which was obtained in Y-paraffin oil system at mild pressures, and 

ternary oC20-YBO3 and Y3(CO4)2 compounds, formed in Y-NH3BH3 system at higher 

pressure. 

3.3.1. Yttrium carbide γ-Y4C5. 

The chemical reaction of yttrium and paraffin oil at pressures of ~ 44 and 51 GPa and 

temperatures of ~2500°C led to the synthesis of a previously unknown polymorph of yttrium 

carbide, orthorhombic γ-Y4C5. It was characterized by synchrotron SCXRD. On 

decompression, diffraction lines of HP-Y4C5 were traced down to at least 16(2) GPa.  
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Figure 3.2. Crystal structure of Y4C5 at 44 GPa [33]. The grey, blue and red spheres represent 

yttrium and carbon atoms in dimers and trimers, respectively. The [C2]
5.24- and [C3]

6.76- species 

with their bond lengths and angles are indicated on the right side. 

 

The carbon atoms in the γ-Y4C5 crystal structure form [C2] dumbbells and nonlinear 

[C3] trimers with a bending angle of 134.4(1)° (Fig. 3.2). Usually, [C3] units in known carbides 

are linear or almost linear with a bending angle 170-180° and which is in consistence with 

organic analog—allene, therefore bending angle of 134.4(1)° in γ-Y4C5 is indeed unique. While 

the first coordination sphere Y-C distances (2.24-2.69 Å) are typical for yttrium carbides—

accounting for high-pressure conditions—C-C distances in the [C2] dimers (~1.40(2) Å) and 

the [C3] trimers (~1.43(1) Å) are unusual: they are significantly larger than expected for double-

bonded carbon atoms (~1.33 Å) and much shorter than for single-bonded (~1.54 Å). Density 

functional theory-based charge distribution analysis revealed non-integer charges of carbon 

units, [C2]
5.24- and [C3]

6.76-, which can be explained by the delocalization of the electrons 

donated by Y on the partially filled antibonding π* molecular orbitals of the [C2] and [C3] units. 

This specific charge distribution results in unusual C-C bond orders of 1.38 and 1.31, 

respectively, and a considerable previously never observed bending of the [C3] units. Density 

functional theory-based calculations demonstrate the metallic nature of γ-Y4C5. Thus, carbon 

polymerization under high pressure can drastically change the common arrangement of carbon 

atoms in metal carbides and their physical properties. In this work we have demonstrated that 

covalently bonded carbon species can accommodate very large non-integer formal charges. Our 

results extend the list of possible carbon states at extreme conditions.  

3.3.2. Yttrium orthocarbonate hR39-Y3(CO4)2. 

The novel high-pressure yttrium orthocarbonate hR39-Y3(CO4)2 was obtained as a 

minor byproduct during the high-pressure synthesis of the yttrium hydrides in one out of five 

laser-heated DACs reported in Section 3.2. This DAC was loaded with the yttrium (Y) pieces 

in between two layers of ammonia borane (NH3BH3), which was used as a hydrogen-rich 

source, as well as a pressure-transmitting media. The presence of oxygen in Y3(CO4)2 is 

134.4(2) 

1.425(10)Å

1.402(19)Å1.402(19) Å

1.425(10) Å

134.4(2)°
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apparently related to oxygen contamination of yttrium pieces since yttrium loading was done 

in air. Y3(CO4)2 was observed at ~ 120 GPa and 90 GPa after laser-heating to ~ 3500 K. In the 

structure of Y3(CO4)2, yttrium atoms occupy two 3a (Y1) and 6c (Y2) Wyckoff positions, 

oxygen atoms are located at 6c and 18h sites, while carbon atoms are located at one 6c Wyckoff 

site, similarly to Ca, O, and P atoms, respectively, in the γ-form of the Ca3(PO4)2 

structure [181]. An anionic subsystem can be considered as layers of isolated orthocarbonate 

CO4 tetrahedral units. The Y1O12 and Y2O10 polyhedra share common faces and form a 

sandwich-like stacking of Y2O10 - Y1O12 - Y2O10, which ends with a corner coordinated CO4 

polyhedron (Fig. 3.3a), spaced by empty octahedral sites – “voids” (marked via green circle at 

Fig. 3.3b). This is a first representative of rare-earth orthocarbonates. 

 
Figure 3.3. Crystal structure of Y3(CO4)2 (a) A unit cell of the structure with the Y, C, and O 

atoms shown as green, brown, and red balls, respectively, along a direction with the illustration 

of the linkage scheme of polyhedral cations and surrounded oxygen atoms. (b) A unit cell along 

a direction, showing the CO4 polyhedron and “voids” – yttrium atoms are not shown. 

 

3.3.3. Yttrium borate oC20-YBO3. 

The high-pressure polymorph of YBO3, oC20-YBO3, was obtained in the same DAC 

along with discussed above hR39-Y3(CO4)2 at ~ 120 GPa and 90 GPa after laser-heating to ~ 

3500 K through a chemical reaction of yttrium (probably contaminated by oxygen) with 

ammonia borane. The in-situ synchrotron SCXRD enabled the crystal structure solution and 

refinement. In this structure (Fig. 3.4a), BO4 tetrahedra connected via common vertices, form 

a complex quasi 1D anionic network – infinite zig-zag unbranched boron-oxygen сhains [-O-

B(O2)-]
3- along the c axis (Fig. 3.4b). 

(a) (b)
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Figure 3.4. Crystal structures of oC20-YBO3. (a) A unit cell of the structure with the Y, B, and 

O atoms shown as gray, green, and red balls, respectively, along c direction and (b) along b 

direction with the illustration of the unique zig-zag unbranched boron-oxygen сhains (yttrium 

atoms are not shown). 

The structure motif of unbranched chains, solely built up by one BO4 tetrahedron as a 

fundamental building block, is known to borate chemistry but very scarce. Hitherto, there are 

no known anhydrous borates featuring 1D anionic [BO3]∞ chains. Among oxo-hydroxoborates, 

there is the only one known mineral vimsite, Ca[B2O2(OH)4], which consists of highly 

protonated BO4 chains. In Ca[B2O2(OH)4], the chains form sheets, which are connected by H-

bonds, and Ca2+ cations only reside between these layers, whereas the chains in here-discovered 

oC20-YBO3 are not linked and are surrounded by Y3+ cations. Therefore, anionic unbranched 

[BO3]∞ chains of corner-sharing [BO4] tetrahedra found in oC20-YBO3 is a unique structure 

motif that enrich the state-of-art borate chemistry. 

To conclude, presented studies enrich chemistry of carbides, orthocarbonates, and 

borates.  These results highlight the chemical richness and heterogeneity of reaction products 

in the two most common systems used for yttrium hydride synthesis, namely Y–NH3BH3 and 

the Y–paraffin oil and therefore difficulties in the targeted synthesis of high-Tc hydride phases.   

  

(a) (b)
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A high-pressure (HP) yttrium allotrope, hP3-Y (space group P6/mmm), was synthesized in a multi-anvil press
at 20 GPa and 2000 K which is recoverable to ambient conditions. Its relative stability and electronic properties
were investigated using density functional theory calculations. A hP3-Y derivative hydride, hP3-YHx, with a
variable hydrogen content (x = 2.8, 3, 2.4), was synthesized in diamond anvil cells by the direct reaction of
yttrium with paraffin oil, hydrogen gas, and ammonia borane upon laser heating to ∼3000 K at 51, 45 and
38 GPa, respectively. Room-temperature decompression leads to gradual reduction and eventually the complete
loss of hydrogen at ambient conditions. Isostructural hP3-NdHx and hP3-GdHx hydrides were synthesized from
Nd and Gd metals and paraffin oil, suggesting that the hP3-Y structure type may be common for rare-earth
elements. Our results expand the list of allotropes of trivalent lanthanides and their hydrides and suggest that
they should be considered in the context of studies of HP behavior and properties of this broad class of materials.

DOI: 10.1103/PhysRevB.107.014103

I. INTRODUCTION

The study of rare-earth (RE) metal hydrides is one of the
most interesting research topics in current solid-state physics
due to the search for high-TC superconductivity, as key ad-
vances in experimental techniques lead to the synthesis of
hydrides at high pressure (HP) that were then reported to
become high-TC superconductors [1]. Recent publications on
record high-TC superconductivity in LaH10 at 250–260 K [2,3]
and HP–high-temperature (HT) synthesis of CeH9 [4], UH7,
UH8 [5], ThH10 [6], as well as a series of yttrium hydrides
(YH9, YH6, YH4) [7–9] motivated us to study the Y-H system
at HP. The reason is that there are still many open questions
regarding, for example, the origin of the superconducting
effect and the structure (or chemical composition) of the
materials for which the phenomenon is described [10–12].
Some problems with the currently available experimental data
interpretation may be associated with the synthesis technique:
hydrides at HP are often obtained by heating metals embed-
ded in paraffin oil or ammonia borane [3,6–8,13–15], and
one cannot exclude that other nonhydride phases (e.g., car-

*alena.aslandukova@uni-bayreuth.de

bon and boron compounds) may form in the system under
investigation [16,17], and their properties can influence the
measurements of superconductivity.

Determining the crystal structure and composition of hy-
drides is a very complex task since usual experimental
methods such as x-ray diffraction (XRD) are not capable of
determining the positions of hydrogen atoms. Instead, the
amount of hydrogen in a metal hydride synthesized at HP is
often estimated by comparing its unit cell volume with that
of the metal at the same pressure. This requires information
about the equation of state (EoS) of the metal and an under-
standing of the volume changes with hydrogen content, the
latter typically determined by using density functional theory
(DFT) calculations.

The EoS of yttrium at pressures up to 180 GPa was pub-
lished recently [18]. At ambient pressure, yttrium possesses a
hexagonal close-packed (hcp) structure, hP2-Y in Pearson’s
notation (space group P63/mmc). Under compression up to
100 GPa at room temperature, yttrium undergoes a series of
phase transitions typical for RE metals, with the structures
differing only in the stacking of close-packed atomic layers:
hcp (P63/mmc, hP2) → α-Sm type (R-3m, hR9) → double
hcp (dhcp; P63/mmc, hP4) → face-centered cubic (fcc; Fm-
3m, cF4) → distorted-cF4 (R-3m, hR24) [18]. The sequential
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structural transitions are well understood with the s-d elec-
tronic transition model [19–21]. It should be noted that this
sequence of transitions has been reported based on powder
XRD data upon the compression of yttrium in the absence
of a pressure-transmitting medium. Interpretation of powder
diffraction data is not trivial, considering the coexistence of
several phases due to the sluggish character of transformations
at room temperature and similarities of the hP2, hR9, hP4,
and cF4 structures, which results in a significant overlap of
diffraction peaks of different phases. Research on the behavior
of yttrium at HP-HT conditions is lacking.

While at pressures >150 GPa the synthesis of a number of
yttrium hydrides YH4 YH6, YH7, and YH9 [7,8] was reported,
at lower pressures (up to 90 GPa), only hcp YH3 and fcc YHx

(x = 2–3) are known [22–24]. It was suggested that yttrium
hydride YHx has a continuous hcp-to-fcc structure phase tran-
sition at pressures from 12.5 to 22 GPa with an intermediate
yet uncharacterized structure state in between [24]. Notably,
all reported high-TC yttrium hydrides were synthesized by
heating of Y in H2 gas or in ammonia borane at pressures
>∼ 90 GPa; at lower pressures, HT experiments in the Y-H
system have not been carried out.

Here, we report on the synthesis and characterization of
a HP yttrium allotrope, hP3-Y, formed upon heating of Y
to ∼2000 K at 20 GPa in a multi-anvil (MA) apparatus.
Derivative hydrides, hP3-YHx, were obtained from Y and
various hydrogen precursors in diamond anvil cells (DACs)
laser heated to ∼3000 K at 38, 45, and 51 GPa. On decom-
pression to 14 GPa, these hydrides were observed to gradually
lose hydrogen. We have extended our study by synthesizing
Nd and Gd hydrides isostructural to hP3-YHx, allowing us to
generalize our conclusions.

II. EXPERIMENTAL METHODS

A. Sample preparation

1. MA synthesis

Samples of the hP3 yttrium allotrope were synthesized
at HP-HT conditions using the multiton MA presses at the
BGI (Bayreuth, Germany) [25] at a pressure of 20 GPa and a
temperature of 2000 K; synthesis times were 24 h. We used
a standard MA assembly that included a graphite cylindrical
sample capsule, a LaCrO3 heater, an octahedral container,
and other parts [25]. Using single-crystal XRD (SCXRD), we
selected high-quality crystals from the recovered samples and
used them for further investigations.

2. Synthesis in DAC

The BX90-type large x-ray aperture DAC equipped with
Boehler-Almax-type diamonds (culet diameter is 250 mm)
was used for SCXRD studies [26,27]. Rhenium foil pre-
indented to a thickness of ∼20 μm and a hole of ∼100 μm
in diameter drilled in the center of the indentation served as
a sample chamber. A piece of yttrium (or Nd/Gd) was placed
in the sample chamber filled with paraffin oil (DAC1, DAC4,
and DAC5) or ammonia borane (DAC2). The sample chamber
of DAC3 was loaded with hydrogen gas using the HP gas
loading system at Petra III (DESY, Hamburg, Germany). The
pressure was determined using the EoS of Re [28,29] (for

all DACs except DAC3) and additionally monitored by the
Raman signal from the diamond anvils [30]. Samples were
compressed up to 51 GPa (DAC1), 38 GPa (DAC2), 42 GPa
(DAC3), 40 GPa (DAC4), and 45 GPa (DAC5) and laser
heated to ∼3000(200) K. Laser heating of the samples was
performed using an in-house setup [31] equipped with two
YAG lasers (1064 nm central wavelength).

B. XRD measurements and data analysis procedure

XRD measurements for DAC1, DAC2, and DAC3 were
performed at beamline P02.2 of Petra III (DESY, Ham-
burg, Germany) with the x-ray beam (λ = 0.2891 Å) focused
down to 1.8×2 μm2 by a Kirkpatrick-Baez mirror system,
and diffraction patterns were collected on a PerkinElmer
1621 XRD flat-panel detector. XRD measurements for DAC3,
DAC4, and samples from MA1 and MA2 were performed
at the ID15B beamline (ESRF, Grenoble, France) with an
x-ray beam (λ = 0.4103 Å) focused to a size of 8×8 μm2,
and the XRD patterns were collected on an Eiger2X CdTe
9M hybrid photon-counting pixel detector. For SCXRD mea-
surements, samples were rotated around a vertical ω axis in
a range of ±35◦. The XRD images were collected with an
angular step �ω = 0.5◦. The CRYSALISPRO software pack-
age [32] was used for the analysis of the SCXRD data
(indexing, data integration, frame scaling, and absorption cor-
rection). A single crystal of (Mg1.93, Fe0.06)(Si1.93, Al0.06)O6

orthoenstatite [Pbca, a = 18.2391(3), b = 8.8117(2), and
c = 5.18320(10) Å] was used to calibrate the instrument
model of the CRYSALISPRO software. The DAFI program [33]
was used for the search of reflection groups belonging to the
individual single-crystal domains. Using the OLEX2 software
package [34], the structures were solved with the SHELXT

structure solution program [35] using intrinsic phasing and
refined with the SHELXL [36] refinement package using least-
squares minimization. Crystal structure visualizations were
made with VESTA software [37]. The experimental EoSs of the
synthesized materials were obtained by fitting the pressure-
volume data using the EoSFit7-GUI [38].

III. COMPUTATIONAL DETAILS

The properties of the systems were determined via first-
principles calculations using Kohn-Sham DFT with the gen-
eralized gradient approximation by Perdew-Burke-Ernzerhof
[39] for the exchange-correlation energy implemented within
the projector augmented-wave method [40] for describing
the interaction between the core and the valence electrons
(4s4p5s4d) in the Vienna Ab initio Simulation Package (VASP)
[41]. We used the Monkhorst-Pack scheme with 8×8×14 k-
points for Brillouin zone sampling and an energy cutoff for
the plane-wave expansion of 600 eV, with which total en-
ergies are converged to better than 2 meV/atom. EoS and
static enthalpy calculations were performed via variable-cell
structural relaxations for 11 volumes that cover the pressure
range of 0–50 GPa. The phonon calculations were performed
in the harmonic approximation with the help of PHONOPY

software using density functional perturbation theory for a
2×2×2 supercell with respectively adjusted k-points [42]. In
our calculations, temperature, configurational entropy, and the
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FIG. 1. Crystal structure of the hP3 yttrium allotrope. (a) Unit cell, (b) graphenelike nets of Y2 atoms alternating with nets of Y1 atoms
along the c direction, and (c) a view along the [110] direction showing the stacking of nets of yttrium atoms (oriented perpendicular to the
page) along the c direction. Yttrium atoms, Y1 and Y2, are shown in dark green and light green, respectively.

entropy contribution due to lattice vibrations were neglected.
Fermi surface visualization was made with XCRYSDEN soft-
ware [43].

IV. RESULTS AND DISCUSSION

The hP3 yttrium allotrope was synthesized in HP-HT
experiments in a MA press (Table S1 in the Supplemental
Material [44]): a piece of yttrium metal was compressed to 20
GPa and heated to 2000 K for 24 h (MA1 and MA2), with two
independent MA experiments at the same conditions yielding
the same result. The hP3 yttrium allotrope, along with two
known carbides [45], cubic NaCl-type YCx and Y2C3 (prod-
ucts of yttrium interaction with the graphite capsule, Table S1
in the Supplemental Material [44]), was characterized by in-
house and synchrotron powder and SCXRD from products of
both MA experiments. The details of the sample preparation,
data collection, structure determination, and refinement are
described in the Supplemental Material [44].

The yttrium allotrope has a hexagonal hP3 structure
(space group P6/mmm, Z = 3) with unit cell parameters
a = 5.7809(10) Å, c = 3.3453(5) Å, and V = 96.82(4) Å3 at
1 bar. Yttrium atoms occupy two crystallographically inde-
pendent positions: Y1 at the 1a (0, 0, 0) site and Y2 at the 2d
( 1

3 , 2
3 , 1

2 ) site [Fig. 1(a)], like Ca and Hg atoms, respectively,
in the CaHg2 structure (58901-ICSD). The structure can be
described as an alternation of graphenelike nets of Y2 atoms
with nets of Y1 atoms along the c direction [Figs. 1(b)–1(c)].
All distances between Y1 and Y2 are equal to 3.7333(5) Å,
which is significantly longer than the distances between Y1
and Y1 or Y2 and Y2, 3.3453(5) Å and 3.3376(6) Å, re-
spectively. Interestingly, the Y1-Y1 and Y2-Y2 distances are
shorter than the Y-Y distance in hcp yttrium, hP2-Y [dY−Y =
3.5559(5) Å, data from 660002-ICSD]. Titanium also has an
hP2 allotrope, α-Ti, and an hP3-Ti allotrope, ω-Ti (space
group P6/mmm), both isostructural to hP2-Y and hP3-Y, re-
spectively, with Ti2-Ti2 distances in hP3-Ti also shorter than
Ti-Ti in hP2-Ti [46,47]. The densities of hP3-Y and hP2-Y
(4.57 and 4.47 g/cm3 at 1 bar, respectively) differ by ∼1.7%,
similar to titanium (4.61 g/cm3 for ω-Ti and 4.51 g/cm3 for
α-Ti at 1 bar, data from 52521- and 253841-ICSD, respec-
tively).

To gain deeper insight into the stability and pressure-
volume behavior of hP3-Y, we performed calculations on
the full relaxation of the structural model of hP3-Y at 1 bar
using DFT, which results in unit cell parameters and atomic
coordinates that perfectly agree with the experimental data at
ambient conditions (Table S2 in the Supplemental Material

[44]). To assess the dynamical stability of hP3-Y, harmonic
phonon dispersion calculations along the high-symmetry di-
rections of the Brillouin zone were made, showing that
hexagonal hP3-Y is dynamically stable at 1 bar [Fig. 2(a)].
Static enthalpy calculations up to 50 GPa reproduced the
experimentally known sequence of yttrium phase transitions,
hcp (P63/mmc, hP2) → α-Sm type (R-3m, hR9) → dhcp
(P63/mmc, hP4), but with a little shift of transition pressure
values. Over the whole pressure range considered, the hP3-Y
allotrope is thermodynamically unfavorable [Fig. 2(b)]. The
observed formation of hP3-Y instead of other yttrium al-
lotropes is expected to be due to the applications of HT (i.e.,
kBT equaling 0.172 eV at 2000 K, less than the calculated
enthalpy difference at 20 GPa) during HP synthesis and stabi-
lization of the metastable phase by rapid quenching down to
room temperature.

The pressure dependence of the volume per yttrium atom
(V0/atom) for hP3-Y in comparison with that for previously
known allotropes [18] is shown in Figs. 3 and S1 in the
Supplemental Material [44]. As mentioned above, the struc-
tures of known yttrium allotropes, hP2, hR9, hP4, and cF4,
differ only in the stacking of close-packed atomic layers, and
their pressure-volume relations can be described by a single
third-order Birch-Murnaghan (BM3) EoS with the follow-
ing parameters: bulk modulus K0 = 29(1) GPa, V0/atom =
34.5(4) Å3, the pressure derivative of the bulk modulus K

′
0 =

3.54(5) (Fig. S1 in the Supplemental Material [44]). Interest-
ingly, although the allotrope hP3-Y has a different structure,
the parameters of its BM3 EoS (based on the pressure-volume
relation from DFT calculations for hP3-Y) are similar: K0 =
36(1) GPa, V0/atom = 32.7(1) Å3, K

′
0 = 3.54(1). which is in

good agreement with the BM3 fit of the data from Ref. [18]
(Fig. S1 in the Supplemental Material [44]).

Previously, it has been shown that pressure induces s → d
electron transfer that can play an important role in phase
stabilization. Therefore, the phase transitions observed un-
der pressure in many lanthanides and yttrium are common
[19–21]. For a deeper understanding of the electronic proper-
ties of hP3-Y, we calculated the electronic band structure, the
electronic density of states (eDOS), and Fermi surfaces of the
two allotropes, hP2-Y (hcp) and hP3-Y, that exist at ambient
conditions. Figures 4(a)–4(c) show the calculated total and
partial eDOS at 1 bar. Both yttrium allotropes exhibit metallic
properties, and the main contribution at the Fermi level for
both phases comes from the d states, while p and s states
make quite small contributions. A detailed inspection of the
difference in the contribution of the s and d states to the total
eDOS [insert in Fig. 4(c)] reveals that, during the transition
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FIG. 2. Results of density functional theory (DFT) calculations. (a) Phonon dispersion curves for hP3-Y (P6/mmm) calculated at 1 bar
along high-symmetry directions in the Brillouin zone and resulting phonon density of states. (b) Calculated enthalpy difference between known
yttrium allotropes (hcp, α-Sm type, and dhcp) and hP3-Y: �H = Hi − HhP3−Y.

from hP2-Y to hP3-Y, the relative contribution of the d states
to the density of states near the Fermi level increases from
∼25% for hP2-Y to 75% for hP3-Y. Moreover, Fig. 4(a)
shows a higher total eDOS at the Fermi level for hP3-Y than
for hP2-Y. Usually, an increase in the eDOS at the Fermi
energy strengthens the electron-phonon coupling, and as the
range of phonon frequencies for hP3-Y [Fig. 2(a)] and hP2-Y
[20] is very similar, one can assume a higher phonon-electron
coupling constant for hP3-Y (i.e., potential superconductivity
with enhanced TC).

FIG. 3. Pressure dependence of the volume per yttrium atom
for hP3-Y and yttrium hydrides, hP3-YHx and cF4-YHx , deter-
mined in this paper. The literature data for previously known
yttrium allotropes, fitted by a single Birch-Murnaghan (BM3) equa-
tion of state (EoS; black line), are given for comparison. All
blue symbols represent experimental values for cF4-YHx , green
symbols for hP3-YHx . Open and filled symbols represent data
obtained at high-pressure–high-temperature (HP-HT) conditions
and on decompression, respectively. The density functional theory
(DFT)-calculated pressures for given volume for hP3-Y are shown
by red triangles and solid line.

For a comparison of the properties of two yttrium al-
lotropes, hP3-Y and hP2-Y, Fermi surfaces were calculated.

FIG. 4. Electronic density of states (eDOS) calculations at 1 bar.
(a) Total eDOS for hP2-Y and hP3-Y. Partial eDOS for (b) hP2-Y
and (c) hP3-Y. The inset in (c) shows relative contributions to the
total eDOS of the s and d states for hP3-Y (dashed brown line =
s states, dashed blue line = d states) and for hP2-Y (solid brown
line = s states, solid blue line = d states). The vertical dashed line
indicates the Fermi energy.
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FIG. 5. Electronic band structure along high-symmetry directions in the hexagonal Brillouin zones of (a) hP2-Y and (b) hP3-Y at 1 bar.
Brillouin zone and density functional theory (DFT)-calculated Fermi surfaces of (c) hP2-Y and (d) hP3-Y at 1 bar.

Figure 5 shows calculated band structures along high-
symmetry directions in the hexagonal Brillouin zones hP3-Y
and hP2-Y at ambient pressure. In the case of hP2-Y, two
bands cross the Fermi energy; for hP3-Y, multiple electronic
bands. As a result, the yttrium allotrope has a more com-
plicated Fermi surface with a higher amount of contributing
Fermi subsurfaces than hP2-Y (Fig. 5). The geometrical char-
acteristics of the Fermi surfaces, such as the shape, curvature,
and cross-sectional area, are related to the physical properties
of metals such as electronic transport, specific heat, magnetic
susceptibility, and optical absorption [48,49].

In hP2-Y, both bands cross the Fermi level, giving rise
to two open distorted cylindricallike tubes with different
radii along the Г-A direction in the Brillouin zone, together
forming a honeycomblike structure with hexagonal symmetry
[Fig. 5(c)]. By contrast, the Fermi surface of hP3-Y con-
sists not only of open surfaces with irregular shapes but
also contains a closed surface and Fermi pockets that are
restricted within the first Brillouin zone [Band 1 around
the Г point and Band 4 around the A point at the Bril-
louin zone boundary in Fig. 5(d)]. For some systems, it has
been shown that the presence of coexisting Fermi pockets
and Fermi surface nesting can indicate a strong electron-
phonon coupling and hence potentially interesting electronic
properties including superconductivity [50–52]. For titanium,

which has a similar hP2 → hP3 transition, it was shown
that the holelike or electronlike Fermi pockets and nesting
features that appear at the Fermi surface during pressure-
induced phase transitions α(P63/mmc) → ω(P6/mmm) →
γ (Cmcm) → δ(Cmcm) [53] (Fig. S2 in the Supplemental
Material [44]) substantially enhance the electron-phonon cou-
pling and result in an increase of TC (from 0.5 K at 1 bar
for α-Ti to 2.3 K at 40.9 GPa for ω-Ti, with the maximum
TC = 23.6 K at 145 GPa for δ-Ti) [53,54]. Yttrium metal at
ambient pressure has TC of 6 mK [55]; however, it drastically
increases with pressure (1.3 K at 11 GPa [56] and 19.5 K at
115 GPa [57]). The value of dTC/dP for pressures < 50 GPa
for yttrium is higher than for Ti [53]; therefore, one can expect
enhanced superconductivity for hP3-Y.

The synthesis of a yttrium allotrope at HP-HT condi-
tions indicates that yet unknown hydrides may exist at
the same conditions. To check this, we studied chemical
reactions between yttrium and three different hydrogen-
rich precursors—hydrogen gas, paraffin oil, and ammonia
borane—in the pressure range between 38 and 51 GPa upon
heating up to ∼3400 K (Tables S1 and S3 in the Supplemental
Material [44]). Regardless of the hydrogen source, two kinds
of yttrium hydrides YHx were synthesized: Y frameworks
were either in the cubic (Fm-3m) or hexagonal (P6/mmm)
structures, hereafter named cF4-YHx and hP3-YHx phases,
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respectively. For example, at the highest pressure reached
in this paper (51 GPa), a reaction between Y and paraffin
oil led to the formation of both hP3-YHx [a = 5.299(1) Å,
c = 3.145(7) Å, and V = 76.48(17) Å3] and cF4-YHx [a =
4.685(1) Å and V = 102.81(5) Å3] with yttrium atoms on the
nodes of the fcc lattice (Table S3 in the Supplemental Material
[44]). Additionally, in the experiment with paraffin oil as a
hydrogen precursor, we obtained two previously unknown
yttrium carbides (Table S1 in the Supplemental Material [44]),
which we have already described in Ref. [12].

The positions of yttrium atoms in hydrides were deter-
mined from SCXRD. The positions of the light hydrogen
atoms could not be found from XRD data, and therefore,
only the hydrogen content was estimated based on the differ-
ence in volume per yttrium atom between hydrides YHx and
yttrium metal at the same pressure [18], using a previously
established pressure dependence of the volume per atomic H
[58]. The evaluated stoichiometries for yttrium hydrides at
each pressure point are given in Table S3 in the Supplemental
Material [44]. Due to the systematic theoretical errors of the
atomic hydrogen pressure-volume dependence model [58],
the uncertainties of the hydrogen content in yttrium hydrides
are difficult to estimate and therefore are not given.

During decompression (Table S3 in the Supplemental
Material [44], Fig. 3) both hexagonal and cubic hydrides, hP3-
YHx and cF4-YHx, gradually lost hydrogen (from x = 2.9
at 51 GPa to x = 1.4 at 14 GPa). At ambient conditions,
hydrogen was fully released, and only hP3-Y was recovered.
The volume per Y atom of the hP3-Y decompressed in DAC2
[V = 32.32(2) Å3] is consistent with that of the hP3-Y sample
obtained from MA experiments [V = 32.76(4) Å3] and of
hP2-Y [V = 33.01(6) Å3] [18]. Thus, the YHx phases (both
cubic and hexagonal) behave like metal-hydrogen solid so-
lutions. The pressure-volume relation observed for hydrides
synthesized from paraffin oil and ammonia borane as a hy-
drogen reservoir (DAC1 and DAC2) are similar (Fig. 3), but
the cubic hydride contains a little bit more hydrogen than the
hexagonal one at the same pressure (Fig. 3 and Table S3 in the
Supplemental Material [44]).

The discovery of a Y allotrope, hP3-Y, and its derivative
YHx hydrides significantly extends the Y and Y-H phase
diagrams at moderate pressures (up to 51 GPa). Since RE
metals and their known hydrides usually behave similarly at
HP-HT conditions, it is important to examine if other RE
metals also form hP3-RE hydrides. We tested this on Nd
and Gd metals that we laser heated to ∼3000 K in paraffin
oil at 40 and 45 GPa, leading to the synthesis of hP3-NdH4

and hP3-GdH3.5 (see information for DAC4 and DAC5 in
Table S1 in the Supplemental Material [44]). In addition, at
40 GPa, a cubic cF4-NdH4.1 (with fcc metal lattice) was
observed with the same (within uncertainty) volume per Nd
atom as in hP3-NdH4, i.e., with the same hydrogen content.

Upon decompression of DAC4, NdHx hydrides (both cubic
and hexagonal) lost hydrogen (at 24 GPa, x = 3; at 4 GPa,
x = 0.7; Table S4 in the Supplemental Material [44]), show-
ing a behavior like that of yttrium hydrides discussed above.
This suggests that hP3-(RE)Hx hydrides may be common
for RE metals, and their existence and properties should be
considered in a broad context of studies on different aspects
of the HP behavior of RE hydrides, particularly with respect
to superconductivity.

V. CONCLUSIONS

To summarize, the HP-HT approach allowed us to synthe-
size a yttrium allotrope, hexagonal hP3-Y, recoverable to am-
bient conditions. DFT-based phonons calculations confirm its
dynamic stability at 1 bar. The enthalpy calculations showed
that hP3-Y is metastable up to 50 GPa but may be synthesized
at HP-HT conditions and stabilized by rapid quenching. With
a detailed analysis of the electronic structure of the yttrium al-
lotrope from DFT calculations, the stabilization of hP3-Y can
be rationalized in terms of electronic s → d transfer, a mecha-
nism common for lanthanides. We have further shown that, at
HP-HT conditions, hP3-Y can dissolve a significant amount
of hydrogen (up to 3 hydrogen atoms per 1 yttrium atom)
through a direct reaction of yttrium with different hydrogen-
rich precursors. Decompression experiments revealed the
release of hydrogen with decreasing pressure, leading to
the formation of hydrides with variable hydrogen content.
Isostructural hP3-(RE)Hx hydrides (RE = Nd and Gd) were
obtained, which suggests that the structure type may be com-
mon for RE elements. Thus, our results enrich the Y phase dia-
gram and suggest that it is important to further study the struc-
tural phase transitions in other RE metals and their hydrides.
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Tables. 

Table S1: DAC and multi-anvil (MA) experiments and the lists of obtained phases. 

 Reagents 

Synthesis conditions 

 Pressure range on 

decompression (GPa) 

Products of reaction at 

synthesis conditions 
P (GPa) T (K) 

MA1 Y  20(2) 2000(100) - 
hP3-Y, 

YCx, Y2C3 

MA2 Y  20(2) 1900(100) - 
hP3-Y, 

YCx, Y2C3 

DAC1 
Y in 

paraffin oil 
51(1) 3000(200) 18(1) – 51(1) 

Y2C3, Y4C5, 

cF4-YH2.9, 

hP3-YH2.8 

DAC2 
Y in 

NH3BH3 
38(1) 3000(200) 1bar – 38(1) 

cF4-YH2.5, 

hP3-YH2.4 

DAC3 Y in H2 45(1) 3400(200) - 
cF4-YH3, 

hP3-YH3 

DAC4 
Nd in 

paraffin oil 
40(1) 3000(200) 4(1) – 40(1) 

hP3-NdH3, 

cF4-NdH3.1 

DAC5 
Gd in 

paraffin oil 
45(1) 3000(200) - hP3-GdH3.5 
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Table S2: Experimentally determined crystallographic data for a new yttrium allotrope at 1bar 

in comparison to the corresponding DFT-relaxed structure. The full crystallographic dataset 

was deposited to the CCDC under the deposition number 2202826. 

Crystal phase hP3-Y (experiment) hP3-Y (theory) 

Space group, Z P6/mmm, 3 P6/mmm, 3 

a (Å) 5.781(4) 5.6282 

c (Å) 3.345(2) 3.5293 

V (Å3) 96.82(4) 96.818 

Wyckoff site and 

fractional atomic 

coordinates  

(x; y; z): 

Y1 1a 0; 0; 0 0; 0; 0 

Y2 2d 1/3; 2/3; 0.5 1/3; 2/3; 0.5 

Number of 

measured/independent 

reflections (I ≥ 3σ) 

178/ 75 (52) - 

Rint 0.0833 - 

Final R indexes (I ≥ 3σ) R1 = 0.0723; wR2 =  0.0817 - 

Final R indexes (all data) R1 = 0.0842; wR2 = 0.0834 - 

Number of refined parameters 5 - 
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Table S3: Lattice parameters and unit cell volumes for yttrium hydrides, hP3-YHx and cF4-

YHx, synthesized in DACs, as determined from the analysis of SCXRD data. 

Phase, space group a (Å) b (Å) c (Å) V (Å3) V (Å3) / atom Y 

DAC1, P = 51(1) GPa, after LH at T = 3000(200) K 

YH2.9, Fm-3m 4.685(1) - - 102.81(5) 25.71 

YH2.8, P6/mmm 5.299(1) - 3.145(7) 76.48(17) 25.49 

DAC3, P = 45(1) GPa, after LH at T = 3400(200) K        

YH3, Fm-3m 4.7706(11)   - - 108.57(4) 27.14 

YH3, P6/mmm 5.4456(14) - 3.1953(12) 82.06(4) 27.35 

DAC2, P = 38(1) GPa, after LH at T = 3000(200) K 

YH2.5, Fm-3m 4.7596(2) - - 107.82(8) 26.96 

YH2.4, P6/mmm 5.389(4) - 3.166(3) 79.63(13) 26.54 

DAC1, P = 34(1) GPa, decompression 

YH2.4, Fm-3m 4.7764(13) - - 108.97(5) 27.24 

YH2.4, P6/mmm 5.4383(16) - 3.1959(7) 81.86(4) 27.29 

DAC2, P = 29(1) GPa, decompression 

YH2.4, Fm-3m 4.8459(10) - - 113.79(2) 28.45 

YH2.1, P6/mmm 5.472(5) - 3.203(4) 83.06(6) 27.69 

DAC1, P = 23(1) GPa, decompression 

YH1.9, P6/mmm 5.5300(12) - 3.2296(2) 85.55(2) 28.51 

DAC1, P = 18(1) GPa, decompression 

YH1.8, Fm-3m 4.9255(9) - - 119.49(1) 29.87 

YH1.6, P6/mmm 5.5780(10) - 3.2614(1) 87.89(2) 29.29 

DAC2, P = 14(1) GPa, decompression 

YH1.7, Fm-3m 4.9951(5) - - 124.63(2) 31.16 

YH1.4, P6/mmm 5.6238(13) - 3.2742(11) 89.68(8) 29.89 

DAC2, P = 1 bar, decompression 

Y, P6/mmm 5.791(8) - 3.338(6) 96.95(8) 32.32 
 

Table S4: Lattice parameters and unit cell volumes for Nd and Gd hydride phases obtained 

from analysis of SCXRD data from DAC4 and DAC5. 

Phase, space group a (Å) b (Å) c (Å) V (Å3) V (Å3) / atom Y 

DAC4, P = 40(1) GPa, after LH at T = 3000(200) K 

NdH4.1, Fm-3m 4.8878(9) - - 116.77(4) 29.19 

NdH4, P6/mmm 5.483(2) - 3.3325(12) 86.76(6) 28.92 

DAC4, P = 24(1) GPa, decompression 

NdH3.1, Fm-3m 4.9371(12) - - 120.34(5) 30.09 

NdH3, P6/mmm 5.536(2) - 3.3609(8) 89.21(5) 29.74 

DAC4, P = 4(2) GPa, decompression 

NdH0.7, P6/mmm 6.0210(16) - 3.5147(13) 110.35(3) 36.78 

DAC5, P = 45(1) GPa, after LH at T = 3000(200) K 

GdH3.5, P6/mmm 5.4108(11) - 3.2773(16)  83.09(8) 27.69 
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Figures. 

 

 
Fig. S1. The experimental pressure dependence of the volume per yttrium atom for known 

yttrium allotropes (hcp (hP2), α-Sm type (hR9), dhcp (hP4), fcc (cF4), distorted-cF4)  (black 

dots), and the DFT-calculated values for hP3-Y (red dots). Solid lines represent the fit of values 

with a third-order Birch-Murnaghan equation-of-state. 
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Fig. S2. Brillouin zone and DFT calculated Fermi surfaces of (a) α –Ti and (b) ω – Ti at 1bar. 
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4.2.  Diverse high-pressure chemistry in Y–NH3BH3 and Y–paraffin oil systems. 

 

This section contains the following manuscript and the related supplementary material: 

 

“Diverse high-pressure chemistry in Y–NH3BH3 and Y–paraffin oil systems” 

 

A. Aslandukova, A. Aslandukov, D. Laniel, Y. Yin, F. I. Akbar, M. Bykov, T. Fedotenko,   

K. Glazyrin, A. Pakhomova, G. Garbarino, E. L. Bright, J. Wright, M. Hanfland, S. Chariton, 

V. Prakapenka, N. Dubrovinskaia & L. Dubrovinsky 

 

 

 

Status: published in Science Advances, 10, 1 

(2024) 
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C H E M I S T R Y

Diverse high-pressure chemistry in Y-NH3BH3 and 
Y–paraffin oil systems
Alena Aslandukova1*, Andrey Aslandukov1,2, Dominique Laniel3, Yuqing Yin2,4,5,  
Fariia Iasmin Akbar1, Maxim Bykov6, Timofey Fedotenko7, Konstantin Glazyrin7,  
Anna Pakhomova8, Gaston Garbarino8, Eleanor Lawrence Bright8, Jonathan Wright8,  
Michael Hanfland8, Stella Chariton9, Vitali Prakapenka9, Natalia Dubrovinskaia2,5,  
Leonid Dubrovinsky1

The yttrium-hydrogen system has gained attention because of near-ambient temperature superconductivity re-
ports in yttrium hydrides at high pressures. We conducted a study using synchrotron single-crystal x-ray diffrac-
tion (SCXRD) at 87 to 171 GPa, resulting in the discovery of known (two YH3 phases) and five previously unknown 
yttrium hydrides. These were synthesized in diamond anvil cells by laser heating yttrium with hydrogen-rich pre-
cursors—ammonia borane or paraffin oil. The arrangements of yttrium atoms in the crystal structures of new 
phases were determined on the basis of SCXRD, and the hydrogen content estimations based on empirical rela-
tions and ab initio calculations revealed the following compounds: Y3H11, Y2H9, Y4H23, Y13H75, and Y4H25. The study 
also uncovered a carbide (YC2) and two yttrium allotropes. Complex phase diversity, variable hydrogen content in 
yttrium hydrides, and their metallic nature, as revealed by ab initio calculations, underline the challenges in iden-
tifying superconducting phases and understanding electronic transitions in high-pressure synthesized materials.

INTRODUCTION
Near–room temperature superconductors can drastically affect 
many areas of technology (1–3). Because of recent advances in ex-
perimental techniques, namely, due to the improvements of the dia-
mond anvil cells (DACs), it became possible to synthesize novel 
materials, including polyhydride phases, through a combination of 
high temperature and high pressure. Many hydrogen-rich materials 
[such as metal hydrides LaH10 (4), CaH6 (5), BaH12 (6), YH6 and 
YH9 (7, 8), CeH9 (9), PrH9 (10), ThH10 (11), UH7 and UH8 (12)] and 
covalent polyhydrides [H3S (3)] were claimed to be high tempera-
ture (high-​TC) superconductors under high pressure. However, not 
all of the claims are easy to justify in the absence of detailed infor-
mation about the phase and chemical composition of products of 
chemical reactions taking place in the sample chamber of a DAC 
after laser heating (LH). Reliable conclusions concerning the super-
conductivity, i.e., values of measured TC, the isotopic effect, and the 
dependence of the superconducting transition with magnetic field, 
are problematic considering a variable hydrogen content in the same 
phase and/or the inhomogeneous products’ mixture (namely, the 
presence of phases other than the superconducting one), which can 
greatly affect the resistivity (13), magnetic susceptibility (3, 14), and 
magnetic resonance measurements (3, 15, 16). Therefore, the results 
of the published TC are still heavily disputed (13, 17–20).

As promising high-​TC superconductors, high-pressure yttrium 
hydrides have been extensively studied. Under ambient conditions, 
two yttrium hydrides cF4-YH2 (Fm3m) and hP2-YH3 (P63/mmc) 
(21) are known (in this work, we use Pearson symbols, which refer 
to the arrangement of Y atoms only; hydrogen content inferred from 
the chemical formulas may refer to an experimentally determined, 
theoretically proposed, or empirically estimated amount of hydro-
gen atoms). At low pressures (10 to 25 GPa), hP2-YH3 undergoes a 
phase transition to cF4-YH3 (22), which also can be produced by 
cold hydrogenation of cF4-YH2 (23). The cF4-YH3 phase was found 
to be stable at ambient temperature under high pressures up to 
325 GPa (7). At pressures above 200 GPa, the long treatment of YH3 
with pressurized hydrogen without heating leads to the formation of 
tetragonal tI2-YH4 and cubic cI2-​YH6 (7). Heating yttrium with hy-
drogen precursors at mild pressures (up to 50 GPa) results in the 
formation of hP3-YHx (x  =  1.4 to 3) hydrides with variable H-
content along with cF4-YH3 (7). At higher pressure, above 100 GPa, 
the high-temperature syntheses of yttrium hydrides with a higher 
hydrogen content [tI2-YH4 (7), cI2-​YH6 (7), oI2-YH7 (Imm2) and 
aP2-YH7 (P1) (8), and hP2-YH9 (P63/mmc) (7, 24)] were reported 
and obtained from different precursors. Among them, based on ex-
perimental data, the cI2-​YH6 and hP2-YH9 phases were determined 
to have high superconducting transition temperatures, TC ∼ 224 K 
at 166 GPa (8) and TC ∼ 243 K at 201 GPa (7), respectively. More-
over, up to date, several theoretical studies on the Y-H system were 
reported (8, 25, 26) and a variety of hydrides with a high hydrogen 
content, namely, mC2-YH8 (25), cF4-YH9 (F43m), cF4-YH10 (Fm3m) 
(8), and mC4-YH12 (C2/c) (25), were predicted to be stable but 
not yet found in experiments. It is important to note that the chem-
ical compositions and structures of only YH2 and YH3 have been 
unambiguously determined (22, 23), whereas those of all other hy-
drides have been based on theoretical predictions and/or empirical 
estimations. It is also worth mentioning that the accuracy and limi-
tations of these predictions may vary among different studies. 
Therefore, there are some inconsistencies between the predictions 
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and experiments (i.e., many predicted Y-H compounds have not 
been found so far, predicted TC notably different from reported 
ones, etc.), some puzzling results, such as negative resistance for 
YH6 at 183 GPa (8), and very different TC onsets from experiment to 
experiment (27).

Complex chemical reactions, which occur upon the synthesis of 
hydrides at high pressures, often strongly complicate the analysis 
and interpretation of the results. In experiments conducted in 
DACs, carbon is unavoidable and upon LH can participate in the 
chemical reactions. In particular, it has been shown that in laser-
heated DACs yttrium carbides appear along with yttrium hydrides 
(28). So far, structures of high-pressure yttrium hydrides mentioned 
above have been determined from powder x-ray diffraction (XRD) 
data with the assistance of computations based on various struc-
ture search algorithms. Powder XRD patterns of the reaction prod-
ucts obtained by LH yttrium in hydrogen-containing precursors 
(NH3BH3 or paraffin oil) (7, 8, 11, 29, 30) are often complex due to 
overlapping reflections from many compounds, which make phase 
identification and structural analysis difficult and ambiguous. 
Moreover, there are reports on still unknown phases whose struc-
tures could not be solved from powder XRD data (7, 8).

Here, we present the results of the first single-crystal XRD 
(SCXRD) studies of the Y-NH3BH3 and Y–paraffin oil systems in the 
laser-heated DACs under high-pressure, high-temperature condi-
tions up to ~170 GPa and ~3000 K. The extremely rich chemistry of 
the synthesized high-pressure yttrium compounds (hydrides and 
carbides) was observed. Besides two known solids (cF4-YH3 and 
tI2-YH3), five previously unknown yttrium hydrides (hP3-Y3H11, 
hP2-Y2H9, cP8-Y4H23, hP26-Y13H75, and cF80-Y4H25), two previ-
ously unknown yttrium allotropes (hP3-Y-II and tI8-Y), and an yt-
trium carbide (YC2) have been found. They were all characterized 
experimentally and through density functional theory (DFT) calcu-
lations. Our results demonstrate the broad compositional and struc-
tural variety of possible phases in Y-NH3BH3 and Y–paraffin oil 
systems.

RESULTS
The details of the sample preparation, data collection, structure de-
termination, and refinement are described in the Supplementary 
Materials (see Supplementary Text, fig. S1, and table S1). The hy-
drides were obtained in DACs via LH up to ~3000 K the starting 
material, i.e., yttrium, loaded along with one of two kinds of 
hydrogen-rich precursors—ammonia borane (NH3BH3) or paraffin 
oil (CnH2n+2)—which also act as pressure transmitting media. The 
use of these hydrogen sources has already been demonstrated to be 
an effective alternative to pure hydrogen for DAC synthesis experi-
ments in many studies (7, 8, 11, 15, 16, 29–32). Concerning the po-
tential contamination of the system with carbon from paraffin oil, 
the use of pure H2 in experiments in laser-heated DACs does not 
bring a substantial advantage, as carbon from diamond anvils is al-
ways present in the system. Each sample was pressurized to the tar-
get pressure, laser-heated, and then characterized by in  situ 
synchrotron SCXRD. The details of all DAC experiments and a list 
of obtained phases are provided in table S1. The positions of nonhy-
drogen atoms in the crystal structures of yttrium hydrides synthe-
sized in this work were determined from synchrotron SCXRD data; 
the positions of H atoms could not be constrained from the SCXRD 
data, and therefore, hydrogen content was estimated from the 

volume per yttrium atom (see Methods). The possible models of hy-
drogen arrangement in yet unknown hydrides were analyzed with 
the help of the Endeavour software (33) and then refined by DFT 
calculations when possible (for more details, see Supplementary 
Text and fig. S2 in the Supplementary Materials).

Yttrium allotropes
Structural transformations of yttrium upon compression to more 
than 180 GPa at room temperature are well described in the litera-
ture (34). A recent study of the high-pressure (up to ~50 GPa) be-
havior of Y and Y-H systems under high temperatures (32) showed 
that LH affects the experimental results and revealed the hP3-Y yt-
trium allotrope (hereafter, this phase will be referred to as hP3-Y-I) 
and its hydride. In this work, after LH of yttrium at pressures of 120 
and 138 GPa (tables S2 and S3 and fig. S3), two novel yttrium allo-
tropes (hP3-Y-II and tI8-Y) were found. The volume per yttrium 
atom for both novel allotropes perfectly agrees with previously pub-
lished data on the yttrium’s equation of state (EoS) (fig.  S4) (34). 
SCXRD data unambiguously exclude any other nonhydrogen atoms 
apart from Y in the structures of these two new phases, and the pres-
ence of a detectable amount of hydrogen in these materials is ex-
cluded based on density considerations.

The Y allotrope found at 120 GPa has a hexagonal symmetry 
(space group P6m2). Its unit cell contains three Y atoms distributed 
over two Wyckoff positions (table S2). As the Pearson symbol of this 
phase is the same as of the previously known hexagonal yttrium al-
lotrope (hP3-Y-I), we designate it as hP3-Y-II. The structure consists 
of tightly packed layers of Y atoms stacked in a “..AAB..” block-
sequence manner along the c direction (fig.  S3A). Distances be-
tween yttrium atoms vary from 2.679 to 2.788 Å at 120 GPa.

The yttrium allotrope found at 138 GPa has a tetragonal symme-
try (space group I4/mcm). The Y atoms are located at the 8h Wyckoff 
site (Pearson symbol tI8-​Y; table S3) and form channels along the c 
direction (fig. S3B; interatomic distances vary from ~2.49 to ~2.84 Å 
at 138 GPa). While the crystal structure of tI8-Y is quite unusual, 
especially for material synthesized at very high pressures, it is iso-
structural to the host sublattice of the incommensurate Bi-III phase 
(35). Moreover, such an arrangement of Y atoms was predicted for 
the host sublattice of a hypothetical host-guest structure of yttrium 
(36). The analysis of our SCXRD data does not reveal any detectable 
residual electron density in the channels.

The full structural relaxations with fixed (experimental) volume 
for both Y allotropes reveal a substantial difference between the cal-
culated pressure value and the experimental one (table  S2 and 
fig. S4). Nevertheless, when considering DFT relaxations above 
70 GPa for all Y allotropes known in the literature at these pressures 
[oF16 and hR24 (34)], they exhibit the same inconsistency (fig. S4). 
This further supports our interpretation that these yttrium phases 
obtained in our experiments are pure.

As mentioned above, yttrium undergoes several phase transi-
tions upon compression at ambient temperature (34). For the 
pressure range relevant to our study, DFT enthalpy calculations 
reproduce the well-known hR24-Y  →  oF16-Y phase transition at 
106 GPa (fig. S5) (34). The previously unknown hP3-Y-II and tI8-​Y 
yttrium allotropes are not thermodynamically stable with respect 
to the competing phases. Considering that at ~120 GPa the en-
thalpy difference of the previously unknown hP3-Y-II and tI8-Y 
yttrium allotropes with the known oF16-Y phase is significant 
(~0.20 and ~0.32 eV/atom, correspondingly; fig. S5) and cannot be 
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explained only by the temperature contribution (kBT is equal to 
0.259 eV at 3000 K), the reason for the formation of the two phases, 
hP3-Y-II and tI8-Y, remains unclear.

The improvement of modern synchrotron x-ray sources and the 
recently developed methodology of diffraction analysis of polycrys-
talline samples allowed us to find two known and five previously 
unknown yttrium hydrides apart of the yttrium allotropes described 
above (table  S1 and Fig.  1). They could form due to temperature 
gradients during LH and due to possible differences in hydrogen 
diffusion into the depth of the metal in different samples. A detailed 
description of these compounds is given below.

Previously known yttrium hydrides: YH3 and YH4
The previously known cubic yttrium hydride cF4-YH3 (Fig. 1 and 
table S4) was obtained after sample LH, regardless of the hydrogen 
precursor, at five different pressures: 87, 90, 100, 116, and 120 GPa. 
The crystallographic data and refinement parameters at all pressures 
are summarized in table S4. Phonon dispersion calculations in the 
harmonic approximation showed the dynamical stability of this 

phase in the whole studied pressure range (fig. S6A). The pressure 
dependence of the unit cell volume is shown in fig. S7 and is in a 
good agreement with the DFT calculations. The mutual agreement 
of experimental and theoretical results allows us to conclude that 
the structural model of cF4-YH3 (i.e., the location of hydrogen at-
oms) and the used Vienna Ab initio Simulation Package (VASP) po-
tentials are correct (see Methods for computational details).

Tetragonal yttrium hydride (I4/mmm, tI2-YH3; Fig. 1) was found 
at five different pressures: 87, 90, 100, 116, and 120 GPa (table S5). 
Yttrium atoms occupy the 2a Wyckoff position (0; 0; 0) in the nodes 
of the body-centered tetragonal lattice. Two phases with different 
stoichiometries, tI2-YH3 (8, 37) and tI2-YH4 (7, 8), were reported to 
have similar Y atom arrangement in structures with different a/c ra-
tios: 0.6819 and 0.5303 at 150 GPa, respectively. The experimentally 
determined pressure dependence of the unit cell volume of the hy-
drides is shown in fig. S7. For experiments in which paraffin was 
used as a hydrogen source, there is a good agreement with the DFT 
results for the tI2-YH3 model, whereas, for the experiment with am-
monia borane, the DFT calculated unit cell volume is much closer to 

Fig. 1. The crystal structures of the yttrium hydrides synthesized in this work. Yttrium and hydrogen atoms are shown in green and light pink, respectively. For Y2H9 
and Y13H75, only the Y metal framework is shown.
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that corresponding to the YH4 composition. However, the a/c ratios 
for all experimental tI2 phases are similar within the experimental 
uncertainties and differ a lot from values reported for the YH4 phase 
(7, 8). Thus, the differences in the volume per yttrium atom among 
tI2 yttrium hydrides (fig. S7) could be explained by the variable hy-
drogen content depending on hydrogen precursors. The cubic phase 
synthesized in the DACs with paraffin oil has a volume per Y atom 
systematically smaller than the tetragonal one (fig. S7) that suggests 
a lower hydrogen content, which can be reflected in the chemical 
formula as YH3-δ. The tI2 phase obtained from ammonia borane has 
a larger atomic volume and is thus expected to have the YH3+δ com-
position. For an ideal YH3 stoichiometry, theoretical calculations 
show no difference in volume and enthalpy between the cF4 and tI2 
phases. Phonon calculations demonstrate that hydrides with the 
YH3 composition are dynamically stable at all experimental pres-
sures (fig. S6, A and B), while YH4 can be stabilized only at 140 GPa 
(fig.  S6, C and D), which is in good agreement with previously 
published experimental results, in which this phase was seen above 
135 GPa (7, 8).

Previously unknown yttrium hydrides synthesized 
in this work
The analysis of SCXRD data revealed five phases with a so far un-
known arrangement of yttrium atoms. The shortest Y-Y distances in 
each of the five previously unknown yttrium-based compounds are 
remarkably larger than those in pure yttrium metal under the same 
conditions (table S6). Neither boron, carbon, nor nitrogen was de-
tected by SCXRD data analysis in these structures, which allows 
classifying the novel phases as hydrides.

For these yttrium hydrides, the hydrogen contents were estimat-
ed using the “Retger’s law” approximation, which is based on the 
empirical linear relationship between composition and the unit cell 
volume (fig. S8; for more details, see the Supplementary Materials). 
The obtained hydrides’ stoichiometries were then used for propos-
ing structural models. For this purpose, we applied our original ap-
proach involving the application of Endeavour software and DFT 
calculations: Possible arrangements of hydrogen atoms for given 
stoichiometries were proposed by Endeavour, and the following 
validation of the structure models was done by DFT. The details of 
this approach are described explicitly in Supplementary Text.

The reaction between Y and paraffin oil at 87 GPa and between 
Y and ammonia borane at both 90 and 120 GPa led to the forma-
tion of the hP3-Y-I (32)–based hydride (space group P6/mmm; 
Fig.  1 and table  S7). At 120 GPa, it has a lattice parameter of 
a = 4.978(3) Å and c = 3.0784(15) Å [V = 66.06(9) Å3]. The hP3-
YHx hydrides with variable stoichiometry (x  =  2.4..3) have been 
reported, but the arrangement of hydrogen atoms has not been 
proposed yet (32). In this study, the estimated stoichiometry at all 
experimental pressures is Y3H11 = YH3.77 (fig. S8, B and C), which 
differs from previously published results at lower pressures (32). A 
possible structural model for the Y3H11 hydride is shown in Fig. 1 
and fig. S9, and the corresponding crystallographic data are sum-
marized in table S8.

There are a few yttrium hydrides, which we observed only at a 
single pressure point (table S9). The YH4.5 hydride, whose stoichi-
ometry in integer numbers is Y2H9, was obtained at 120 GPa (Fig. 1 
and table S9). Yttrium atoms have the hexagonal close-packed (hcp) 
arrangement (P63/mmc, hP2). The lattice parameters at 120 GPa are 
a = 3.162(3) Å and c = 4.958(2) Å [V = 42.94(9) Å3]. The same hcp 

yttrium framework was reported in hP2-YH9 synthesized above 
180 GPa (7); however, according to Retger’s law approximation, in 
our experiment, the volume per atom suggested half as less hydrogen 
content. It is impossible to find a reliable DFT-verified crystal struc-
ture of Y2H9, because the lattice symmetry does not allow placing an 
odd number of hydrogen atoms with full chemical occupancy in 
the unit cell, so one can assume either partial occupancy of some 
hydrogen positions or a symmetry reduction due to the hydrogen 
sublattice.

At 138 GPa, after LH yttrium in paraffin oil, two previously un-
known yttrium hydrides were found: YH5.77 (Y13H75, the closest 
stoichiometry in integer numbers) and YH5.75 (Y4H23) (Fig. 1 and 
table S9). The structure formed by the Y atoms in Y13H75 has a hex-
agonal symmetry (space group P63/mmc, hP26). At 138 GPa, it has 
the lattice parameters of a  =  8.9730(13) Å and c  =  8.9085(8) Å 
[V = 621.17(19) Å3]. The DFT structure relaxation of several of the 
created structural models of the hydride with the Y13H75 composi-
tion resulted in a high disagreement with experimental data and 
showed dynamical instability of all of them. Thus, there is no reliable 
model for the H atoms’ location in the structure of Y13H75 yet.

According to our calculations, the Y4H23 hydride adopts the 
Na4Si23-type structure (Pm3n, cP8) (Fig. 1 and table S9), which has 
previously been experimentally seen and/or theoretically predicted 
for the three metal hydrides M4H23, where M = Ba (38), La (31), and 
Eu (39, 40). The DFT structure relaxation shows a very good agree-
ment with the experimental data (table  S10), and cP8-Y4H23 was 
found to be dynamically stable at the experimentally produced pres-
sure of 138 GPa (Fig. 2C). This compound has two isolated H atoms 
(H1 and H3) and hydrogen dimers H2-H2 with an intramolecular 
bond length of 0.95 Å; therefore, one can suggest that the electronic 
state of these two kinds of hydrogen atoms has to be very different. 
For a deeper understanding of the electronic properties of Y4H23, we 
calculated the electronic band structure and the electronic density 
of states (eDOS) at the synthesis pressure of 138 GPa. It was found 
that this compound exhibits metallic properties and the main con-
tribution at the Fermi level comes from the Y d-states, while hydro-
gen makes quite small contributions (fig. S10A). Previously, it was 
shown that strong Y-H hybridization could be responsible for the 
superconductivity in cF4-YH3 and cI2-YH6 (26). For Y4H23, there is 
a negligible overlap of Y- and H-eDOS (no strong Y-H hybridiza-
tion), and therefore, this compound is not expected to be a high-
temperature superconductor (26).

The Y4H25 (= YH6.25) compound was synthesized upon laser-
heating yttrium and paraffin oil at 171 GPa (Fig. 1 and table S11). 
Yttrium atoms form a cubic structure (space group F43m, cF80) 
with a large unit cell [a = 12.4201(14) Å, V = 1915.9(4) Å3]. The full 
relaxation of the obtained hydride shows perfect agreement with the 
experimental data (table S11). Hydrogen triatomic units found in 
this compound have an intramolecular bond length of 0.93 Å, which 
is shorter than the H-H distance of the dimers constituting Y4H23. 
The calculations of eDOS at the synthesis pressure of 171 GPa 
showed the metallic nature of cF80-Y4H25, with the ratio of hydro-
gen/yttrium’s partial density of states at the Fermi level being higher 
than that in cP8-Y4H23 (fig. S10B).

The yttrium hydride cI2-YH6 (Im3m), widely discussed in the 
literature (7, 8, 24–26), was not observed in this work. As reported 
in (7), YH6 was obtained by keeping YH3 in a hydrogen pressure 
medium at room temperature and pressures of over 100 GPa for a 
dozen hours. Calculated convex hulls of the Y-H system (8) showed 
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that cI2-YH6 is metastable even at 150 GPa and lays 30 meV per 
atom above the convex hull. This may mean that yttrium hexahy-
dride was observed in the experiments below 150 GPa (7, 24) only 
due to the temperature factor. Our calculations of the convex hull 
for phases with available structural models at 90, 120, 138, and 
171 GPa showed that Y3H11, Y4H23, and Y4H25 lay slightly above the 
convex hull (fig. S11). Among them, Y4H23 is preferable at all pres-
sures. At 150 GPa, the hydrides with a higher hydrogen content, 
aP2-YH7, cF4-YH9, and hP2-YH9, were predicted to be stable (8). 
The hydride synthesized in this work with the highest hydrogen 
content, cF80-Y4H25, was the only phase found at 171 GPa, and the 
calculated convex hull suggests that it is thermodynamically not 
preferable. The temperature contribution to the energy, kBT equal to 
0.259 eV at 3000 K, could play an important role in the hydride’s 
formation, and rapid quenching down to room temperature could 
stabilize the metastable phase.

The idea that with increasing pressure the H:Y ratio should in-
crease is common in the literature (8, 31). Our results support this 
idea: The hydrogen content per yttrium atom increases from 3 at 
87 GPa (YH3, both cF4 and tI2) to 6.25 at 171 GPa (cF80-Y4H25) 
(Fig. 3).

Yttrium carbide
Apart from hydrogen, paraffin oil and ammonia borane also contain 
carbon, nitrogen, and boron, which can react with yttrium, resulting 
in the formation of various yttrium compounds. In our experiments 
at 87 and 120 GPa with paraffin oil, we found a previously unknown 
yttrium carbide, YC2.

In the structure of YC2 (P63/mmc, hP2), the yttrium atoms oc-
cupy the 2c Wyckoff position (1/3; 2/3; 3/4) forming a hexagonal 
close packing. The carbon atoms C1 and C2 are located at the 2a 
(0; 0; 0) and 2d (1/3; 2/3; 1/4) Wykoff positions, respectively (fig. S12A). 
The lattice parameters at 120 GPa are a  =  3.600(17) Å and 
c = 4.439(8) Å [V = 49.82(13) Å3]. A similar metal-carbon frame-
work was reported for LaCH2 synthesized at 96 GPa (31); however, 
our detailed analysis showed that the high remaining electronic 

density at the 2d position can be better described as an additional 
carbon atom C2, instead of H2 units. Y is surrounded by 11 carbon 
atoms (6·C1 and 5·C2), with an average Y─C bond length of 2.25 Å 
(fig. S12B). The unit cell parameters, atomic coordinates, and pres-
sure obtained from DFT structure relaxation agree with the experi-
mental data (table S12).

Fig. 2. Crystal structure and the results of DFT phonon calculations for the cP8-Y4H23 yttrium hydride. (A) Compound’s unit cell, with the Y atoms shown as green 
and hydrogen atoms as light pink balls. (B) Coordination environment of the Y1 and Y2 atoms in Y4H23. (C) Phonon dispersion curves along high-symmetry directions in 
the Brillouin zone and phonon density of states for Y4H23 calculated at 138 GPa.
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Fig. 3. The pressure dependence of the volume per Y atom in the range of 
1 bar to 170 GPa for the Y allotropes and the hydrides as determined from the 
experimental data. The data for the hexagonal hP3-Y-II and tetragonal tI8-Y allo-
tropes, for tI2-YH3±δ, cF4-YH3, hP3-Y3H11, hP2-Y2H9, cP8-Y4H23, cF80-Y4H25, and hP26-
Y13H75, which were obtained in this work, are shown in red, blue, green, brown, 
orange, cyan, and violet circles, respectively. The experimental pressure depen-
dence of the volume per Y atom for yttrium allotropes published in (34) is shown in 
small black circles; the experimental values for cF4-YH3 and hP3-Y3H11 from (32) are 
shown as open blue and green symbols, respectively. Pearson symbols refer to the 
arrangement and content of Y atoms only.
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DISCUSSION
To summarize, in this work, the complexity of the chemical pro-
cesses in the Y-NH3BH3 and the Y–paraffin oil systems at high pres-
sures and high temperatures was proven due to the analysis of 
products of chemical reactions in DACs after LH, which revealed 
inhomogeneous mixtures of various phases at a pressure range of 87 
to 171 GPa. Seven yttrium hydrides YHx (x = 3 to 6.25), two previ-
ously unknown yttrium allotropes, and one carbide YC2 were de-
tected and characterized using synchrotron SCXRD. The hydrogen 
content in the discovered hydrides was found to increase with pres-
sure, i.e., from YH3 at 87 GPa to YH6.25 at 171 GPa.

Theory is not yet able to predict all possible hydride and nonhy-
dride phases, and powder XRD is prone to missing some reaction 
products in laser-heated DACs. The presence of phases other than 
yttrium hydrides, especially compounds with metallic conductivity, 
can lead to a sharp drop in the electrical resistance of a sample upon 
low-temperature measurements and the misinterpretation of the re-
sults. Therefore, knowledge of the phase composition, crystal struc-
tures, and transport properties of individual phases is needed for 
unambiguous judgment on the electronic properties of complex 
hydride systems. Our results point out substantial difficulties in 
producing monophase samples using paraffin oil and NH3BH3 
precursors, which are necessary for a reliable assessment of the 
physical properties of materials, including superconductivity, and 
promote the use of SCXRD on polycrystalline samples as an essen-
tial tool for hydrides’ characterization.

METHODS
Sample preparation
The BX90-type large x-ray aperture DAC equipped with Boehler- 
Almax–type diamonds (culet diameter of DAC1, DAC2, DAC3, 
and DAC5 is 120 μm, while that of DAC4 is 80 μm) was used for 
SCXRD studies (41, 42). Rhenium foil preindented to a thickness 
of ~20 or ~13 μm and a hole of ~60 or ~40 μm in diameter drilled 
in the center of the indentation served as a sample chamber, for 
120- and 80-μm culets, respectively. A piece of yttrium was placed 
in the sample chamber filled with paraffin oil (DAC1 to DAC4) 
or NH3BH3 (DAC5). Pressure was determined using the EoS of 
Re (43, 44) and additionally monitored by the Raman signal from 
the diamond anvils (45). Samples were compressed up to their 
target pressure and laser-heated to ~3000(200) K. LH of the sam-
ples was performed using an in-house LH setup (46), equipped 
with two yttrium-aluminum-garnet (YAG) lasers (1064 nm cen-
tral wavelength) and an IsoPlane SCT 320 spectrometer with a 
1024 × 2560 PI-MAX 4 camera for collection of thermal emis-
sion spectra from the heated spot. Temperatures were estimated 
by fitting of thermal emission spectra of the sample to the gray 
body approximation of Planck’s radiation function over a given 
λ range (570 to 830 nm).

XRD measurements
XRD measurements for DAC1 (at 87 GPa) and DAC4 (at 138 GPa) 
were performed at the ID11 beamline of the European Synchrotron 
Radiation Facility (ESRF; Grenoble, France) with the x-ray beam 
(λ = 0.2844 Å) focused down to 0.75 μm × 0.75 μm, and data were 
collected with the Eiger2X CdTe 4M hybrid photon-counting pixel 
detector. XRD measurements for DAC5 (at 90 GPa) and DAC4 (at 
171 GPa) were performed at the ID27 beamline of the ESRF with the 

x-ray beam (λ = 0.3738 Å) focused down to 1.5 μm × 1.5 μm. DAC5 
(at 120 GPa) was measured at the ID15B beamline (ESRF) with an 
x-ray beam (λ = 0.4103 Å) focused to a size of 4 μm × 4 μm. At ID27 
and ID15B, the XRD patterns were collected on an Eiger2X CdTe 
9M hybrid photon-counting pixel detector. XRD measurements for 
DAC2 and DAC3 were done at the GSECARS 13IDD beamline of 
the Advanced Photon Source (APS; Lemont, USA; λ =  0.2952 Å, 
2 μm × 2 μm), and data were collected with Pilatus 1M detector. The 
data for DAC1 (at 116 GPa) were collected at the P02.2 beamline of 
Petra III [Deutsches Elektronen-Synchrotron (DESY), Hamburg, 
Germany] with the x-ray beam (λ  =  0.2882 Å) focused down to 
1.8 μm × 2 μm by a Kirkpatrick-Baez mirror system, and diffrac-
tion patterns were collected on a PerkinElmer 1621 XRD flat-
panel detector.

For SCXRD measurements, samples were rotated around the 
vertical ω axis in a range of ±36°. The XRD images were collected 
with an angular step Δω = 0.5°. The CrysAlisPro software pack-
age was used for the analysis of the SCXRD data (indexing, data 
integration, frame scaling, and absorption correction) (47). A sin-
gle crystal of (Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 orthoenstatite [Pbca, 
a = 18.2391(3), b = 8.8117(2), c = 5.18320(10) Å] was used to cali-
brate the instrument model of the CrysAlisPro software (sample-to-
detector distance, the detector’s origin, offsets of the goniometer 
angles, and rotation of the x-ray beam and the detector around the 
instrument axis). The DAFi program (48) was used for the search of 
reflections’ groups belonging to individual single-crystal domains. 
Using the OLEX2 software package (49), the structures were solved 
with the ShelXT structure solution program (50) using intrinsic 
phasing and refined with the ShelXL (51) refinement package using 
least-squares minimization. The procedure of the analysis of the 
SCXRD data is described explicitly in Supplementary Text in the 
Supplementary Materials. Crystal structure visualizations were 
made with the VESTA software (52). The experimental EoSs were 
obtained by fitting the pressure-volume data using the EoSFit7-
GUI (53).

Computational details
The first-principles calculations were done using the framework 
of DFT as implemented in the VASP (54). To expand the elec-
tronic wave function in plane waves, we used the projector-
augmented-wave (PAW) method (55, 56). The generalized gradient 
approximation (GGA) functional was used for calculating the 
exchange-correlation energies, as proposed by Perdew-Burke-
Ernzerhof (PBE) (57). The PAW potentials with following va-
lence electrons of 4s4p5s4d for Y, 1s for H (the potential “H_h”-harder 
than the standard potential), and 2s2p for C were used. The 
Monkhorst-Pack (58) k-point grid and an energy cutoff for the 
plane wave expansion were selected on the basis of convergence 
tests with a threshold of 2 meV per atom for energy and 1 meV/Å 
per atom for forces. The phonon frequencies and phonon band 
structure calculations were performed in the harmonic approxi-
mation with the help of the PHONOPY software (59) using the 
density-functional-perturbation theory (DFPT) for yttrium hy-
drides. The tetrahedron method was used for Brillouin zone 
integrations (60). EoS and static enthalpy calculations were 
performed via variable-cell structural relaxations between 70 
and 170 GPa. In our calculations, temperature, configurational 
entropy, and the entropy contribution due to lattice vibrations 
were neglected.
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Supplementary Text 

Discussion 1. Details of the data acquisition and processing for synchrotron single-crystal X-

ray diffraction in DACs from laser-heated polycrystalline samples 

The high-pressure high-temperature reactions in DACs usually result in multigrain and 

often multiphase samples. On the synchrotron facilities providing sufficiently small X-ray beam 

we can study such polycrystalline samples in situ, applying methods of SCXRD to individual 

grains of micrometer to sub-micrometer size. The procedure is briefly described below. 

First, we conduct an XRD mapping of the sample chamber to locate various phases within 

the laser-heated spot. The phases are assigned based on single-crystal XRD and are shown in the 

resulting 2D XRD map in different colors. In this procedure, XRD is collected stepwise with a 

step (Δ) equal to the beam size. The number of steps should be sufficient to cover the entire sample 

chamber.  

Figure S1a shows an example of a 2D XRD map for a sample in the chamber of ⁓30 μm in 

diameter with a diamond culet size of 80 μm. The map is built upon 961 frames (31x31 points 

separated by Δ = 1 μm in each direction). The map enables also to pinpoint the location of grains 

(domains) of the best crystallinity for a particular phase, those giving the richest spotty pattern, 

thus most appropriate for SCXRD measurements. 

The SCXRD is then measured in the selected points while the DAC is rotated around the 

vertical goniometer axis ω with the frames being collected from ω = -36° to ω = 36° with a step of 

Δω = 0.5°. A single frame from the SCXRD dataset at ω = 0° is shown in Fig. S1b. After the 

collection of the dataset for the selected point, it is analyzed in the CrysAlisPro software to identify 

phases and their crystal structures and chemical composition. The general procedure of the 

multigrain dataset analysis contains the following steps:  

• Step 1. Perform the peak search using CrysAlisPro package. Figure S1c shows the reciprocal

space representing all reflections of the dataset for the example under consideration. These can

be the reflections from reaction products, initial reagents, pressure-transmitting medium,

diamonds, and gasket material.

• Step 2. Apply ‘advanced filtering’ to get rid of diamond peaks and artifacts.

• Step 3. Find all single-crystal domains in the dataset using DAFi software (Fig. S1d).

• Step 4. Find the lattice parameters of all domains in the dataset using the indexing procedure

implemented in CrysAlisPro.
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• Step 5. Select the most strongly diffracting domain for each found phase (Fig. S1e), perform

integration, and extract the .hkl file.

• Step 6. Solve and refine the crystal structure of each of the different phases found using Olex2

software.

Fig. S1. Illustration of the procedure of the SCXRD data collection from a polycrystalline sample 

and the data analysis on example of cF80-Y4H25 found in a DAC at 171 GPa. a) A 2D XRD map 

(31x31, Δ=1 μm) of the sample chamber showing the distribution of three phases (coloured in 

black, red, and blue) in the DAC. Phases assignment is based on single-crystal XRD. b) One 

frame from the SCXRD dataset taken at ω = 0°. c) All collected reflections of a full dataset displayed 

in the reciprocal space. d) Eighteen sets of reflections from different domains (marked with 

different colours) found in this dataset using DAFi software. e) Reflections of the strongest cF80-

Y4H25 domain found by the DAFi program, for which integration and structure solution were 

done. 

c) d) e)

Re

Y

Y4H25

5 μm

a) b)
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Structural description of novel yttrium allotropes 

The hexagonal hP3-Y-II (P6̅m2) was obtained at 120 GPa after laser heating Y in paraffin 

oil. At 120 GPa, the unit cell parameters are a = 2.773(4) Å and c = 7.06(2) Å (V = 47.0(2) Å3). 

Yttrium atoms occupy two Wyckoff positions: Y1 at 1a (0; 0; 0) and Y2 at 2i (2/3; 1/3; 0.3043) 

(Table S2). Y-Y distances vary from 2.679 Å to 2.788 Å.  

Tetragonal tI2-Y (I4/mcm) was found at 138 GPa, the unit cell parameters a = 5.3001(10) 

Å and c = 4.391(3) Å (V = 123.35(8) Å3) (Table S3). Y atoms are located at 8h Wyckoff site 

(0.17029; 0.67029;0.5).  

Structural description of yttrium hydrides 

In the cubic cF4-YH3 (space group Fm3̅m, Pearson symbol cF4 refers to the structure 

formed by Y atoms), the yttrium atoms occupy the 4a Wyckoff position (0; 0; 0) forming the fcc 

lattice. Hydrogen atoms were placed to all octahedral (4b Wyckoff position (0.5; 0.5; 0.5)) and 

tetrahedral voids (8c Wyckoff position (0.25; 0.25; 0.25)) according to literature data (23). 

In tetragonal yttrium hydride (I4/mmm, Pearson symbol tI2 refers to the structure formed 

by Y atoms) yttrium atoms occupy the 2a Wyckoff position (0; 0; 0). This tetragonal structure was 

reported to have two stoichiometries YH3 (8, 37) and YH4 (7, 8), with different a/c ratio. In the 

YH3 hydrogen atoms occupy 4d (0; 0.5; 0.25) and 2b (0; 0; 0.5) Wyckoff positions, while in the 

YH4 hydrogens are located at 4e (0; 0; 0.371) and 4d (0; 0.5; 0.25) Wyckoff positions. 

The structural models of five novel yttrium hydrides were obtained using an original 

procedure involving the application of Endeavour™ software and DFT calculations (for more 

details see discussion 2). They may be not unique, but these models allow us to describe 

experimental and theoretical results in the best way. 

The hP3-Y3H11 hydride (space group of Y lattice is P6/mmm, hP3) was observed at 87, 90, 

and 120 GPa. Yttrium atoms occupy two Wyckoff positions: 1a (0; 0; 0) and 2d (1/3; 2/3; 1/2). In 

our proposed structural model, the hydrogen atoms are located at the 2c (0.5; 0; 0), 3f (2/3; 1/3; 0), 

and 6k (0.24; 0; 0.5) Wyckoff positions. The full structural relaxation perfectly reproduces 

experimental observations (Table S8). In the structure of hP3-Y3H11 yttrium atoms Y1 are 

surrounded by 8 hydrogen atoms, while Y2 atoms have 18 hydrogen atoms in their first 

coordination sphere (Fig. S9). This compound has only isolated H atoms because the shortest H-

H distance of ~1.13 Å at 120 GPa, that is too long for hydrogen H2 molecule. 
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The hP2-Y2H9 was observed at 120 GPa. Yttrium atoms occupy the 2c Wyckoff position 

(1/3; 2/3; 1/4) forming the hcp lattice (P63/mmc, hP2). The lattice parameters at 120 GPa are a = 

3.162(3) Å and c = 4.958(2) Å (V = 42.94(9) Å3). The structural model of hydride with the Y2H9 

composition was not suggested.  

The lattice formed by yttrium in the structure of hP26-Y13H75 has hexagonal symmetry 

(space group P63/mmc, hP26). At 138 GPa, it has the unit cell parameters of a = 8.9730(13) Å and 

c = 8.9085(7) Å (V = 621.17(19) Å3). Yttrium atoms occupy four crystallographically independent 

positions: 2a (0; 0; 0), 12k (0.2041; 0.4083; 0.5629), 6h (0.1186; 0.2373; 0.25), and 6h (0.4558; 

0.9116; 0.25). The analysis of the data from the ICSD showed that this arrangement of metal atoms 

is known in Hf9Mo4B structure type (ICSD 23788) – Y occupies the positions of both Hf and Mo. 

The structural model of hydride with the Y13H75 composition was not suggested.  

The cP8-Y4H23, which was obtained at 138 GPa, has a cubic structure (Pm3̅n, cP8) made 

of two types of Y atoms: Y1 at 6d (0.25; 0.5; 0) and Y2 at 2a (0; 0; 0) Wyckoff positions. Y2 

atoms form a bcc lattice and have twelve Y1 neighbors, each located at the same distance of 

3.12043(12) Å at 138 GPa (Table S10). The shortest metal-metal distance is dY1-Y1 = 2.791 Å. 

Hydrogen atoms in a suggested structure occupy three different Wyckoff positions: 6c (0.25; 0; 

0.5), 16i (0.201; 0.201; 0.201), and 24k (0; 0.3103; 0.1492). The Y2 – H polyhedron is almost a 

perfect dodecahedron consisting of twelve H5 pentagons with two types of Y-H distances: dY2-

H2 = 1.921 Å –and dY2-H3 = 1.943 Å (Fig. 2b). The Y1 atoms surrounded by 24 hydrogen atoms, 

with Y-H distances ranging between 1.939 and 2.029 Å (Fig. 2b). This compound has isolated H 

atoms (H1 and H3) as well as hydrogen dimers H2-H2 with an intramolecular bond length of 

0.95 Å. 

The cF80-Y4H25 was found at 171 GPa. Yttrium atoms form a cubic lattice (F4̅3m, cF80) 

with a big unit cell (a = 12.4184(11) Å, V = 1915.1(5) Å3) (Table S11). Y located at four Wyckoff 

positions: 24f (0.3130; 0; 0), 16e (0.3368; 0.3368; 0.3368), 24g (0.5616; 0.25; 0.25), and 16e 

(0.0943; 0.0943; 0.0943). The framework of yttrium atoms resembles the inverted sublattices of 

Dy and Co in the Dy4CoCd structure type (ICSD 417044). We were able to locate hydrogen atoms 

in this cell at eleven different Wyckoff positions: 4b (0.5, 0; 0), 16e (0.7018; 0.2018; 0.2018), 24g 

(0.25; 0.0952; 0.25), 24f (0.0765; 0; 0), 48h (0.6255; 0.1255; 0.2969), 48h (0.6054; 0.1054; 

0.2232), 48h (0.6425; 0.1425; 0.0404), 48h (0.86997; 0.1303; 0.0395), 48h (0.5374; 0.0374; 

0.3702), 96i (0.6312; 0.0391; 0.7562), and 96i (0.7984; 0.0093; 0.0837)   (TableS11). The shortest 
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metal-metal distance is dY2-Y4 = 2.799 Å, which agrees well with discussed above Y4H23 hydride. 

The Y – H distances in the first coordination sphere of Y are varied from 1.833 Å to 2.079 Å. This 

compound has hydrogen triatomic units H7-H10-H7 with an intramolecular bond length of 

0.9317 Å, which is shorter than the H-H distance in dimers in Y4H23. 

Discussion 2. The procedure of finding possible positions of the hydrogen atoms in the 

structures of yttrium hydrides  

The starting point for search of hydrogen positions in structures of the novel hydrides was 

the assumption that the symmetry of the hydride phase would be the same as the symmetry of the 

yttrium lattice. The hydrogen content of each phase was estimated using a linear relationship 

between the volume per metal atom in hydrides and their stoichiometry (i.e. “Retger’s law” 

approximation, Fig. S8). The search of possible hydrogen atoms position(s) was realized with help 

of the Endeavour™ software. The composition of the compound is considered as fixed, and 

positions of yttrium atoms are fixed based on the experimental data. In the Endeavour™ software, 

we employ a two-body Lennard-Jones potential in the form of 

𝑉𝐿𝐽(𝑟) = 4𝜀 ∙ [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

], where r is the distance between two interacting particles, ε is the 

depth of the potential well, and σ is the distance at which the particle-particle potential energy V is 

zero. The program searches for the position of the hydrogen atoms by minimizing “cost function” 

that is the sum of the potential defined above. The output of the Endeavour™ program may contain 

more than one model for the location of hydrogen atoms. Once the structural search in 

Endeavour™ is completed, the predicted models are validated using DFT calculations, which 

involve structural relaxation, verifying their dynamical stability, and the position of the phases on 

the convex hull in the Y-H binary system. This approach was validated by testing known cF4-YH3 

yttrium hydride, and the obtained results were consistent with the literature 

The procedure is illustrated below using the novel hydride cF80-Y4H25 as an example. The 

first step of the preparation of the structure solution/search involved defining the cell parameter (a 

= 12.4201 Å) and the space group (F4̅3m) (Fig. S2a), followed by specifying the composition and 

positions of the yttrium atoms (Fig. S2b-c, Table S11). Then, we state that no “diffraction data” 

would be used, and the search would be conducted solely through “energy” minimization (Fig. 

S2d). In the subsequent step, the appropriate potential was selected (Fig. S2e). As a result, the 

program generated a list of the best structural candidates, all of which were validated through DFT 

calculations. The optimal structure of the phase should meet the following criteria: the difference 
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in the calculated by DFT unit cell parameters, atomic coordinates, and the calculated pressure 

should be minimal compared to the experimental values (the numerical criteria for agreement of 

different characteristics of calculated and experimental data are not strict, and choice of the best 

or acceptable models in this work is subjective). Fig. S2g illustrates the DFT-relaxed structure for 

the chosen model from Endeavour, which exhibited a good agreement between theory and 

experiment (Table S11): for a fixed unit cell volume, the difference between the experimental (171 

GPa) and the calculated (168.6 GPa) pressures is ~1.4%; the smallest and the average Y-Y distance 

in the initial (2.881 Å and 3.208 Å) and in DFT-relaxed (2.811 Å and 3.241 Å) models are very 

close. 
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Fig. S2. Schematic step-by-step illustration of the procedure of finding the models of the 

arrangement of the hydrogen atoms in the structures of novel hydrides 

(a) (b)

(c)(d)

(e) (f)

DFT relaxation

(g) ✓ The best final model
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(a) (b) 

Fig. S3. Crystal structure of the hexagonal hP3-Y-II and tetragonal tI8-Y yttrium allotropes. (a) 

Top: the unit cell of hP3 Y-II; Y1 and Y2 atoms are marked as pink and green balls, 

respectively. Bottom: A view of the structure of hP3-Y-II along the a direction, showing the 

layer stacking in a '..AAB..' block-sequence pattern along the c direction. (b) Top: a unit cell of 

tI8-Y. Yttrium atoms are marked as green balls. Bottom: A view of the structure of tI8-Y along 

the c direction, highlighting the channels. 
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hexagonal hP3-Y-II and tetragonal tI8-Y allotropes as well as for the known oF16-Y and hR24-

Y phases, are shown in blue, pink, green, and red circles, respectively. The pressure 
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(a)       cF4-YH3, 87 GPa (b) tI2-YH3, 90 GPa

(c)       tI2-YH4, 90 GPa (d) tI2-YH4, 140 GPa 

Fig. S6. Phonon dispersion curves calculated along high-symmetry directions in the Brillouin 

zone, and resulting phonon density of states: (a) for cF4-YH3 at 87 GPa; (b) for tI2-YH3 at 90 

GPa (b); (c) for tI2-YH4 at 90GPa and (d) for tI2-YH4 at 140 GPa. 
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(a) (b) 

(c) (d) 

(e) 

Fig. S8. The illustration of the “Retger’s law” approximation for Y-H compounds. The relation 

between the volume per atom and the hydrogen content is given for (a) 150 GPa, (b) 90 GPa, (c) 

120 GPa, (d) 140 GPa, and (e) 170 GPa. The open symbols represent the P-V data resulting from 

DFT calculations, solid symbols represent experimental values. The dotted line is the linear fit of 

the data for Y (34), YH3 and YH4. The data from (8, 7, 24) on predicted hydrides YHx (x=6..10) at 

150 GPa are marked as black stars; this data perfectly fit the common trend. The linear fit can be 

described with the following equations (Vat = V per atom; r = n/(n+m) for each YmHn compound): 

(a) Vat = 14.44 – 12.90·r;   (b) Vat = 16.97 – 15.22·r;   (c) Vat = 15.39 – 13.66·r;

(d) Vat = 14.65 – 13.07·r;   (e) Vat = 13.94 – 12.35·r
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(a) (b) 

Fig. S9. A polyhedral model of the crystal structure of hP3-Y3H11. (a) A unit cell with the Y atoms 

shown as violet (Y1) and green (Y2), and hydrogen atoms as light pink balls. (b) Coordination 

environment of Y1 (violet) and Y2 (green) atoms. 

(a) (b)

Fig. S10. Electronic density of states for novel high-pressure yttrium hydrides cP8-Y4H23 and 

cF80-Y4H25. (a) The eDOS for cP8-Y4H23 at the experimental pressure of 138 GPa. (b) The 

eDOS for cF80-Y4H25 at the experimental pressure of 171 GPa. The Fermi energy level was 

set to 0 eV. 
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Fig. S11. The calculated convex hull for known binary yttrium hydrides at 90, 120, 138, and 

171 GPa. The solid symbols represent phases which were observed experimentally, while open 

symbols are for predicted phases. The compounds which were synthesized in this work are 

marked with solid stars. The phases, which lie on the convex hull (black dashed line) are 

thermodynamically stable.  

(a) (b) 

Fig. S12. Crystal structure of yttrium carbide P63/mmc YC2. (a) A unit cell of the structure with 

the Y atoms shown as green and carbon atoms as brown balls. (b) The Y(C1)6(C2)5 polyhedron. 
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Table S1: The details of the DAC experiments* and the lists of obtained phases. 

Reagents P (GPa) Products of the reaction 

DAC1 Y in paraffin oil 
87(2) tI2-YH3; cF4-YH3; hP3-Y3H11; YC2 

116(2) tI2-YH3; cF4-YH3 

DAC2 Y in paraffin oil 100(2) tI2-YH3; cF4-YH3 

DAC3 Y in paraffin oil 120(2) tI2-YH3; cF4-YH3; YC2 

DAC4 Y in paraffin oil 
138(2) cP8-Y4H23; hP26-Y13H75; tI8-Y 

171(2) cF80-Y4H25 

DAC5 Y in NH3BH3 
90(5) tI2-YH3; cF4-YH3; hP3-Y3H11 

120(5) hP3-Y3H11; hP2-Y2H9; hP3-Y-II 

* The maximum temperature during laser-heating was the same within the error for all experiments

(T = 3000(200) K)

Table S2: Crystal structure and refinement details of novel HP-HT hP3-Y-II yttrium allotrope, 

obtained in DAC5 at 120 GPa. The corresponding cif file can be accessed from the CCDC database 

using the identifier CSD 2295636. 

Phase hP3-Y-II (experiment) hP3-Y-II (theory) 

P, GPa 120(5) 86.9 

Space group, Z P6̅m2, 3 P6̅m2, 3 

a, Å 2.773(4) 2.7494 

c, Å 7.06(2) 7.1801 

V, Å3 47.0(2) 47.0 

V, Å3 / Y atom 15.667 15.667 

Rint, % 3.66 - 

Number of measured/independent 

reflections (I ≥ 3σ) 
82 / 50 (49) - 

Number of refined parameters 6 - 

R1, wR2, %    (I ≥ 3σ) 5.7, 13.39 - 

Δρmin, Δρmax, eÅ-3 1.7, -2.1 - 

Wyckoff site and fractional 

atomic coordinates (x; y; z): 

Y1 1f 2/3; 1/3; 0.5 2/3; 1/3; 0.5 

Y2 2h 1/3; 2/3; 0.1957(8) 1/3; 2/3; 0.17258 

95



Table S3: Crystal structure and refinement details of novel HP-HT tI8-Y yttrium allotrope, 

obtained in DAC4 at 138 GPa. The corresponding cif file can be accessed from the CCDC database 

using the identifier CSD 2295638. 

Phase tI8-Y (experiment) tI8-Y(theory) 

P, GPa 138(2) 95.3 

Space group I4/mcm, 8 I4/mcm, 8 

a, Å 5.3001(10) 5.1116 

c, Å 4.391(3) 4.7172 

V, Å3 123.35(8) 123.35 

V, Å3 / Y atom 15.4188 15.4188 

Rint, % 8.70 - 

Number of measured/independent 

reflections (I ≥ 3σ) 
309 / 106 (79) - 

Number of refined parameters 5 - 

R1, wR2, %    (I ≥ 3σ) 4.55, 9.65 - 

Δρmin, Δρmax, eÅ-3 2.1, -2.6 - 

Wyckoff site and fractional 

atomic coordinates (x; y; z): 
Y1 8h 0.1703(1); 0.6703(1);0.5 0.1817; 0.6817;0.5 

Table S4: Crystal structure and refinement details of cF4-YH3 (Fm3̅m) for all experimental 

pressure points at which it was observed. 

DAC number DAC1 DAC2 DAC1 DAC3 DAC5* 

P, GPa 87(2) 100(2) 116(2) 120(2) 90(5) 

a, Å 4.5133(18) 4.4488(9) 4.4129(17) 4.3872(13) 4.467(3) 

V, Å3 91.94(6) 88.05(3) 85.94(6) 84.44(4) 89.14(11) 

V, Å3 / Y atom 22.985 22.013 21.485 21.110 22.285 

Rint, % 4.3 2.09 3.09 3.83 - 

Number of 

measured/independent 

reflections (I ≥ 3σ) 

144 / 35 

(35) 
57 / 21 (21) 57 / 18 (18) 63 / 22 (22) - 

Number of refined 

parameters 
2 2 2 2 - 

R1, wR2, % 

(I ≥ 3σ) 
4.41, 10.1 4.76, 10.9 5.8, 14.1 4.43, 10.25 - 

Δρmin, Δρmax, eÅ-3 3.0, -1.1 2.5, -1.8 1.5, -2.5 1.1, -1.7 - 

* The unit cell parameters and volumes were obtained from powder XRD data.
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Table S5: Crystal structure and refinement details of tI2-YH3 (I4/mmm) at all experimental 

pressures. 

DAC number DAC1 DAC2* DAC1 DAC3 DAC5* 

P, GPa 87(2) 100(2) 116(2) 120(2) 90(5) 

a, Å 3.2013(16) 3.1479(5) 3.0888(11) 3.123(2) 3.2292(11) 

c, Å 4.465(4) 4.4371(10) 4.4285(19) 4.301(3) 4.5022(17) 

V, Å3 45.75(6) 43.968(17) 42.25(3) 41.9(3) 46.95(3) 

V, Å3 / Y atom 22.875 21.984 21.125 20.95 23.25 

Rint, % 3.84 - 1.3 2.4 - 

Number of 

measured/independent 

reflections (I ≥ 3σ) 

142 / 54 

(54) 
- 

105 / 59 

(58) 

100 / 42 

(42) 
- 

Number of refined 

parameters 
3 - 3 3 - 

R1, wR2, % 

(I ≥ 3σ) 
3.1, 6.8 - 5.89, 15.04 4.22, 10.5 - 

Δρmin, Δρmax, eÅ-3 -3.1, 2.4 - 3.4, -3.3 2.5, -1.8 - 

* The unit cell parameters and volumes were obtained from powder XRD data.

Table S6: The values of the Y-Y distances in novel yttrium hydrides and in yttrium allotropes 

known in the literature, shown at 90, 120, 138, and 171 GPa. 

Phase Pressure, GPa Minimal Y-Y distance, Å Y-Y distance in Y metal, Å

Y3H11 90 2.9578(2) 2.6334 (R3̅𝑚 – Y) 

Y2H9 120 3.0870(12) 2.5395 (Fddd – Y) 

Y13H75 138 2.8816(4) 2.5099 (Fddd – Y) 

Y4H23 138 2.7908(5) 2.5099 (Fddd – Y) 

Y4H25 171 2.8806(3) 2.4452 (Fddd – Y) 
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Table S7: Crystal structure and refinement details of novel yttrium hydride hP3-Y3H11 (P6/mmm) 

at all experimental pressures. The corresponding cif file at 120 GPa can be accessed from the 

CCDC database using the identifier CSD 2295619. 

DAC number DAC1 DAC5 DAC5 

P, GPa 87(2) 90(5) 120(5) 

a, Å 5.123(3) 5.140(5) 4.978(3) 

c, Å 3.083(3) 3.106(3) 3.0784(15) 

V, Å3 70.07(10) 71.06(12) 66.06(9) 

V, Å3 / Y atom 23.357 23.687 22.02 

Rint, % 7.22 4.61 8.79 

Number of 

measured/independent 

reflections (I ≥ 3σ) 

455 / 132 (78) 106 / 42 (21) 147 / 51 (22) 

Number of refined parameters 5 5 5 

R1, wR2, % (I ≥ 3σ) 6.39, 17.1 8.60, 21.5 4.68, 14.45 

Δρmin, Δρmax, eÅ-3 3.8, -2.9 2.8, -2.5 1.4, -2.0 

Table S8: The DFT-relaxed structure of a novel HP yttrium hydride hP3-Y3H11 at 90 and 120 

GPa. 

Crystal phase hP3-Y3H11 (theory) hP3-Y3H11 (theory) 

Space group, Z P6/mmm, 1 P6/mmm, 1 

a (Å) 4.99089 4.79494 

c (Å) 3.30781 3.21793 

V (Å3) 71.06 66.06 

Pressure P (GPa) 97.2 123.2 

Wyckoff site 

and fractional 

atomic 

coordinates 

(x; y; z): 

Y1 2d 2/3; 1/3; 0.5 2/3; 1/3; 0.5 

Y2 1a 0; 0; 0 0; 0; 0 

H1 6k 0.24050; 0; 0.5 0.23539; 0; 0.5 

H2 3f 2/3; 1/3; 0 0.5; 0; 0 

H3 2c 0.5; 0; 0 0; 0; 0.5 
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Table S9: Crystal structure and refinement details for the novel yttrium hydrides cP8-Y4H23, 

hP26-Y13H75, cF80-Y4H25, and hP2-Y2H9 at different experimental pressures. The corresponding 

cif file can be accessed from the CCDC database using the identifiers CSD 2295644, 2295626, 

2295645, and 2295620, respectively.  

Phase cP8-Y4H23 hP26-Y13H75  cF80-Y4H25 hP2-Y2H9 

DAC number DAC4 DAC4 DAC4 DAC5 

P, GPa 138(2) 138(2) 171(2) 120(5) 

Space group Pm3̅n P63/mmc F4̅3m P63/mmc 

a, Å 5.5815(8) 8.9730(13) 12.4201(14) 3.162(3) 

c, Å - 8.9085(8) - 4.958(2) 

V, Å3 173.88(7) 621.17(19) 1915.9(4) 42.94(9) 

V, Å3 / Y atom 21.735 23.891 23.949 21.47 

Rint, % 9.83 9.67 9.98 9.16 

Number of 

measured/independent 

reflections (I ≥ 3σ) 

555 / 90 (67) 3505 / 974 (601) 1139 / 371 (210) 70 / 28 (20) 

Number of refined 

parameters 
4 17 15 3 

R1, wR2, % (I ≥ 3σ) 4.84, 10.81 4.34, 8.11 5.71, 12.43 8.24, 16.98 

Δρmin, Δρmax, eÅ-3 4.1, -2.5 3.0, -2.9 1.8, -1.9 2.0, -1.6 

Table S10: Crystallographic data for a novel HP yttrium hydride cP8-Y4H23 at 138 GPa in 

comparison to the corresponding DFT-relaxed structure.  

Crystal phase Y4H23 (experiment) Y4H23 (theory) 

Space group, Z Pm3̅n, 2 Pm3̅n, 2 

a (Å) 5.5815(8) 5.5815 

V (Å3) 173.88(7) 173.88 

Pressure P (GPa) 138 (2) 147.2 

Wyckoff site and 

fractional atomic 

coordinates 

(x; y; z): 

Y1 6d 0.25; 0.5; 0 0.25; 0.5; 0 

Y2 2a 0; 0; 0 0; 0; 0 

H1* 6c - 0.25; 0; 0.5 

H2* 16i - 0.2010; 0.2010; 0.2010 

H3* 24k - 0; 0.3103; 0.1492 

* The hydrogen atoms were placed according to the structural data for isostructural hydrides M4H23

(M = Ba, La, and Eu).
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Table S11: Experimentally determined crystallographic data for the novel HP yttrium hydride 

cF80-Y4H25 at 171 GPa in comparison to the corresponding DFT-relaxed structure.  

Crystal phase Y4H25 (experiment) Y4H25 (theory) 

Space group, Z F4̅3m, Z = 20 F4̅3m, Z = 20 

a (Å) 12.4201(11) 12.4201 

V (Å3) 1915.9(4) 1915.9 

Pressure P (GPa) 171 (2) 168.6 

Wyckoff site and 

fractional atomic 

coordinates 

(x; y; z): 

Y1 24f 0.3130; 0; 0 0.3326; 0; 0 

Y2 16e 0.3368; 0.3368; 0.3368 0.3401; 0.3401; 0.3401 

Y3 24g 0.5616; 0.25; 0.25 0.5617; 0.25; 0.25 

Y4 16e 0.0943; 0.0943; 0.0943 0.1214; 0.1214; 0.1214 

H1 96i - 0.6312; 0.0391; 0.7562 

H2 48h - 0.6255; 0.1255; 0.2969 

H3 96i - 0.7984; 0.0093; 0.0837 

H4 48h - 0.6054; 0.1054; 0.2232 

H5 48h - 0.6425; 0.1425; 0.0404 

H6 48h - 0.8697; 0.1303; 0.0395 

H7 48h - 0.5374; 0.0374; 0.3702 

H8 24g - 0.25; 0.0952; 0.25 

H9 16e - 0.7018; 0.2018; 0.2018 

H10 24f - 0.0765; 0; 0 

H11 4b - 0.5; 0; 0 

100



Table S12: Experimentally determined crystallographic data for a novel HP yttrium carbide YC2 

at 120 GPa in comparison to the corresponding DFT-relaxed structure. The corresponding cif file 

can be accessed from the CCDC database using the identifier CSD 2295639. 

Crystal phase YC2 (experiment) YC2 (theory) 

Space group, Z P63/mmc, 2 P63/mmc, 2 

a (Å) 3.6000(17) 3.6000 

c (Å) 4.439(8) 4.439 

V (Å3) 49.82(13) 49.82 

Pressure P (GPa) 120 (2) 127.3 

Wyckoff site and 

fractional atomic 

coordinates 

(x; y; z): 

Y1 2c 1/3; 2/3; 1/4 1/3; 2/3; 1/4 

С1 2a 0; 0; 0 0; 0; 0 

С2 2d 1/3; 2/3; 3/4 1/3; 2/3; 3/4 

Number of measured/independent 

reflections (I ≥ 3σ) 
129/ 36 (32) - 

Rint 0.0675 - 

Final R indexes (all) R1 = 0.0506; wR2 = 0.915 

Final R indexes (I ≥ 3σ) R1 = 0.0396; wR2 = 0.0869 - 

Δρmin, Δρmax, eÅ-3 -0.7, 0.5

Number of refined parameters 4 -
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Data S1. Crystallographic information file for hP3-Y-II. 

Data from single-crystal X-ray diffraction experiments at 120 GPa for hP3-Y. 

Data S2. Crystallographic information file for tI8-Y. 

Data from single-crystal X-ray diffraction experiments at 138 GPa for tI8-Y. 

Data S3. Crystallographic information file for Y2H9. 

Data from single-crystal X-ray diffraction experiments at 120 GPa for Y2H9. 

Data S4. Crystallographic information file for Y3H11. 

Data from single-crystal X-ray diffraction experiments at 120 GPa for Y3H11. 

Data S5. Crystallographic information file for Y4H23. 

Data from single-crystal X-ray diffraction experiments at 138 GPa for Y4H23. 

Data S6. Crystallographic information file for Y4H25. 

Data from single-crystal X-ray diffraction experiments at 171 GPa for Y4H25. 

Data S7. Crystallographic information file for Y13H75. 

Data from single-crystal X-ray diffraction experiments at 138 GPa for Y13H75. 

Data S8. Crystallographic information file for YC2. 

Data from single-crystal X-ray diffraction experiments at 120 GPa for YC2. 
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Changes in the bonding of carbon under high pressure leads to unusual crystal chemistry and can
dramatically alter the properties of transition metal carbides. In this work, the new orthorhombic
polymorph of yttrium carbide, γ-Y4C5, was synthesized from yttrium and paraffin oil in a laser-heated
diamond anvil cell at ∼50 GPa. The structure of γ-Y4C5 was solved and refined using in situ synchrotron
single-crystal x-ray diffraction. It includes two carbon groups: [C2] dimers and nonlinear [C3] trimers.
Crystal chemical analysis and density functional theory calculations revealed unusually high noninteger
charges (½C2�5.2− and ½C3�6.8−) and unique bond orders (<1.5). Our results extend the list of possible carbon
states at extreme conditions.

DOI: 10.1103/PhysRevLett.127.135501

Introduction.—Metal carbides exhibit high melting
points, high hardness, and metallic conductivity that make
them attractive candidates for different technological appli-
cations in material science [1]. Carbon has the capability of
forming various bond states affecting the structures and
properties of transition metal carbides [2]. Most metal
carbides are either substitutional or interstitial solid solu-
tions, or they form binary compounds with simple crystal
structures (e.g., of a rock salt type) [3]. However,
more complex carbides with covalent C-C bonds are also
known.
There is a large number of metal carbides containing

[C2] dimers, for example, CaC2, SrC2, BaC2, YC2, LaC2,
La2C3, CeC2, TbC2, YbC2, and LuC2 [4–7]. The C-C bond
length in these carbides depends on the charge of the cation
and increases proportionally with the valence of the metal
[8–10]. The crystal chemistry of carbides containing
triatomic [C3] units is much more varied. The [C3] unit
was suggested to be in Li4C3 [11] and is known to exist in
Mg2C3, Me4C7 (Me ¼ Y, Ho, Er, Tm, Lu), Sc3C4, and
Ln3C4 (Ln ¼ Ho − Lu) compounds [3,12–14]. The struc-
tures of Ln3C4 contain both [C3] and [C2] units, as well as
isolated carbon atoms. Usually [C3] trimers are linear
½C ¼ C ¼ C�4− groups with the C-C bond length of
1.34–1.35 Å (e.g., like in Mg2C3), which is close to that
in gaseous allene (1.335 Å) [15]. However, the [C3] units in
Sc3C4 and Ln3C4 structures are not linear. Hoffmann and
Meyer [16] performed a fragment molecular orbital analy-
sis to study the bonding characteristics of the [C3] units in
Sc3C4 with the unusual bending (175.8°), the latter

attributed to the packing arrangement. Later, more binary
carbides with Me4C7 compositions containing similar [C3]
units, but with the bending angles of 167.8°—168.3°, were
found [3,12].
High pressure alters the bonding patterns in carbides,

leading to new compounds with unusual structural units
and interesting properties, and as such, compression might
enable exploring the catenation of carbon. Namely, for the
binary systems Mg-C [17], Ca-C [18], Y-C [19,20], and
La–C [2], an ab initio structure search predicts the
formation of unusual metal carbides with exotic [C4],
[C5] units and [C6] rings, graphitic carbon sheets, and a
number of structural transitions. Carbon polymerization
under high pressure can drastically change the physical
properties of carbides and can lead, for example, to
superconductivity [21,22].
At ambient pressure, the yttrium carbides family

includes a large variety of binary phases with different
stoichiometry and crystal chemistry [3]: Y2C with isolated
carbon atoms; YC2 and Y2C3 with [C2] units; Y3C4 with
[C3] units; Y4C5 with both single carbon atoms and [C2]
units; Y4C7 with single carbon atoms and [C3] units. For
Y4C5, two modifications are known: low-temperature
α-Y4C5 and high-temperature β-Y4C5 [23]. Whereas the
crystal structure of α-Y4C5 was solved and refined [space
group Pbam (#55), a ¼ 6.5735ð9Þ, b ¼ 11.918ð1Þ,
c ¼ 3.6692ð5Þ Å] at ambient conditions [23], the structure
of β-Y4C5 remains unknown. Under high pressure, only
Y2C3 has been investigated [24–26]. Here, we report on the
synthesis and characterization of a new high-pressure
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modification of yttrium carbide, γ-Y4C5, with novel struc-
ture and very unusual crystal chemistry.
Results and discussion.—The γ-Y4C5 phase was first

synthesized through a chemical reaction of yttrium with
paraffin oil at ∼44 GPa and ∼2500 °C in the laser-heated
diamond anvil cell (DAC1, Table S1 in the Supplemental
Material [27]). The in situ synchrotron single-crystal x-ray
diffraction enabled the crystal structure solution and refine-
ment. The details of the sample preparation, data collection,
structure determination, and refinement are described in the
Supplemental Material [27]. To reproduce the synthesis of
the γ-Y4C5 phase from the same precursors, two additional
experiments were performed at ∼46 GPa and ∼2800 °C
(DAC2), and at ∼51 GPa and ∼2500 °C (DAC3) [27]. In
DAC2, only the known cubic Y2C3 phase [the Pu2C3-type
structure, space group I-43d, Z ¼ 8, a ¼ 7.745ð4Þ Å] [27]
was observed, which might be due to a different Y∶C local
ratio at the laser-heated spot. The γ-Y4C5 compound, which
was also synthesized in DAC3, was gradually decom-
pressed. At each pressure step of a few GPa, XRD data
were collected to explore the behavior and the equation of
state of γ-Y4C5. Reflections of the γ-Y4C5 phase were
observed down to 16(2) GPa.
The γ-Y4C5 crystallizes in an orthorhombic structure

(space group Cmce, Z ¼ 8) with the unit cell parameters
a ¼ 12.183ð6Þ, b ¼ 7.659ð3Þ, and c ¼ 8.858ð2Þ Å at
44 GPa [Fig. 1(a)]. Full crystallographic information is
provided in Table S2 [27]. Notable structural elements of
the γ-Y4C5 are the diatomic [C2] (dimers or dumbbells),
which lie in the bc plane, and triatomic [C3] units (trimers).
If viewed along the b direction (see Fig. S1a [27]), the
structure may be described as a series of layers of Y atoms
stacked along the a direction. Every third layer includes the
[C2] dimers alternating with Y atoms in the rows along the
b direction. The [C2] dimers in the adjacent rows are
mutually oriented in a “parquetlike” manner (see Fig. S1b
[27]). The nonlinear [C3] trimers fill the space between the
adjacent Y layers, which do not include dimers. The trimers
form rows along the b direction. In each row, the summits
of the trimers point to the same direction (see Fig. S1c
[27]). The direction differs in each of two adjacent rows.

In the projection on the ac plane the trimers are turned with
respect to each other and can be seen as crosses (see
Fig. S1a [27]).
In the γ-Y4C5 structure, there are three crystallograph-

ically nonequivalent yttrium atoms with different co-
ordination environment. The Y1 atoms possess the
highest coordination number, CN ¼ 10, with respect to
the nearest carbon atoms, four of which belong to the two
[C2] units in a side-on orientation, four to the two [C3]
units, each giving two atoms, and two more carbon atoms
come from the two end-on [C3] units (Fig. S1d [27]). The
Y2 atoms have a CN of 6 with the contribution of one [C2]
dimer in a side-on orientation, two more atoms- from two
[C2] dimers in end-on orientation, and two atoms from the
two end-on [C3] units (Fig. S1e [27]). The Y3 atoms are
eight-fold coordinated (CN ¼ 8) by two end-on [C2]
dumbbells and by three differently coordinated [C3] units,
as shown in Fig. S1f [27]. Such variation of yttrium
coordination number in γ-Y4C5 is not unprecedented for
yttrium carbides (see Table S3 [27] for the CN data for
α-Y4C5, Y4C7, and Y3C4). However, C-C distances in [C2]
dimers [1.40(2) Å] and [C3] trimers [1.43(1) Å] are
unusual: they are significantly larger than expected for
double-bonded carbon (∼1.34 Å) and much shorter than
for single-bonded (∼1.54 Å) carbon atoms. They are not
believed to be artifacts as the crystallographic data,
including the C-C distance [1.32(1) Å, Table S4 [27] ]
obtained at ∼46 GPa for the previously known cubic Y2C3

[21], are reasonable. Also, the significant bending of the
triatomic carbon units (with the C3-C2-C3 angle of ∼134°)
in γ-Y4C5 calls for a more detailed analysis of the C-C
bonds.
Upon decompression from 51 to 16 GPa, γ-Y4C5

expands quasi-isotropically (Fig. S2a [27]), and pressure-
volume (P-V) data can be described by a second order
Birch-Murnaghan equation of state (EOS) with the para-
meters V0 ¼ 1016ð8Þ Å3 (the unit cell volume at ambient
conditions) and K0 ¼ 135ð7Þ GPa (the bulk modulus)
[Fig. 2(a)]. Unfortunately, the quality of the XRD data
collected on decompression was insufficient to locate
carbon atoms precisely, so that the changes in the C-C

FIG. 1. Crystal structure of γ-Y4C5 at 44 GPa and corresponding 2D electron localization function (ELF) maps. (a) A unit cell of the
structure with the Yatoms shown as gray and carbon atoms as brown and red balls, in dimers and trimers, respectively. (b) Cross sections
of the calculated ELF shown in the planes containing the [C2] (left) and [C3] (right) units.
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distances in both dimers and trimers could not be traced.
However, they were extracted from the relaxed structures
obtained as a result of ab initio calculations using density
functional theory (DFT).
The full relaxation of the structural model (at a volume

corresponding to ∼44 GPa) using DFT, as implemented in
the plane wave VASP code [40], results in unit cell
parameters and atomic coordinates which perfectly agree
with the experiment (Table S1 [27]). The EOS parameters
[V0 ¼ 1024ð1Þ Å3 and K0 ¼ 122ð1Þ GPa] obtained from
the computations based on energies from the optimization
of the crystal structure of γ-Y4C5 over a wide volume range
[Fig. 2(a)] are close to the experimental ones. The calcu-
lated bulk modulus of γ-Y4C5 is slightly larger than that of
α-Y4C5 [K0 ¼ 113ð3Þ GPa], correlating well with the
smaller volume per formula unit of γ-Y4C5 in comparison
to α-Y4C5 (Fig. S3 [27]). According to the calculations,
over the whole pressure range up to 100 GPa, the C-C
distances in the [C3] units remain longer than in the [C2]
dimers, but the C-C bonds in the dimers are almost 1.5
times more compressible than in the trimers [Fig. 2(b)]. It
means that the dimers respond to compression by con-
traction, whereas the trimers partly adapt to the volume
decrease through gradual bending. Indeed, in the pressure
range from 0 to 100 GPa, the C3-C2-C3 bending angle
changes from 139.6° to 133.5° (Fig. S2b [27]).
Harmonic phonon dispersion calculations using the

Phonopy software [41] reveal that γ-Y4C5 is dynamically
stable at its synthesis pressure of 44 GPa (Fig. S4 [27]), but
is unstable at ambient conditions. The calculated electron
density of states shows that high-pressure γ-Y4C5 is

metallic and the main contributions at the Fermi level
come from the Y 4d and C 2p states (Fig. S5 [27]). In
order to understand the stability range of γ-Y4C5, its
enthalpy is compared with that of the known α-Y4C5,
revealing that for P > 12 GPa γ-Y4C5 is thermodynami-
cally favorable (Fig. S6 [27]). To explore the thermody-
namic stability of γ-Y4C5 in comparison to other yttrium
carbides, a convex hull was constructed for the binary
Y-C system at different pressures considering known
carbides [3,23,42]. The formation enthalpies of the
compounds (Yþ xC → YCx) are calculated relative to
the DFT total energies of the end-member elements Y
and C as ΔHFormation ¼ ðHYCx −HY − x ·HCÞ=ð1þ xÞ.
The γ-Y4C5 lies on the convex hull and therefore is
thermodynamically stable for P > 20 GPa (Figs. 3 and
S7 [27]), at least to the highest P explored (100 GPa).
To further explore the nature of the chemical bonding in

γ-Y4C5 at 44 GPa, the computed charge density was
analyzed in terms of the electron localization function
(ELF) [43], which revealed strong covalent bonding
between carbon atoms within the [C2] and [C3] units,
and ionic bonds between Y and C (Fig. S8 [27]). Charge
density maps in the planes containing the [C2] and [C3]
units [Fig. 1(b)] show slightly larger ELF values between
carbon atoms in dimers than in trimers. Therefore, one can
assume a slightly higher bond order in the dimer, which
correlates with experimentally obtained bond lengths.
Bader charge analysis [44] for Y1, Y2, and Y3 atoms

yields values of 1.52, 1.25, and 1.51, respectively, in
agreement with Bader charges for other yttrium carbides
[45]. Notably, the lowest charge of 1.25 corresponds to the

(a) (b) 
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Y2 atom, with the smallest CN ¼ 6, and, as a consequence,
with the most limited Y to C charge transfer. The charges of
carbon atoms C1, C2, C3, and C4 are−1.22,−0.78,−1.25,
and −1.29, respectively, so that the edge carbon atoms in
the trimer (C3) and in the dimer (C1 and C4) have similar
charge states, while the charge for C2 at the center of the
trimer is significantly smaller. According to our analysis of
charge distribution in the ionic approximation based on a
generalization of Pauling’s concept of bond strength [46],
made using CHARDI2015 [47], the carbon dimers and
trimers have charges of −5.13 and −6.47, respectively. Full
information on the charge distribution is summarized in
Table S5 [27]. The obtained charge values for carbon units
are unusually large, therefore to verify our results we
performed charge calculations for Y2C3, YC2, and α-Y4C5

yttrium carbides with known charge distribution (Table S6
[27]). Whereas the charges obtained for yttrium atoms in
γ-Y4C5 and in Y2C3, YC2, and α-Y4C5 compounds are
almost the same and agree well with typical Bader charges
for Y [45,48], the charges of carbon (and, as a consequence,
of [C2] units) in γ-Y4C5 appear much larger (see Tables S5
and S6 [27]).
At ambient pressure, the low-temperature α-Y4C5 poly-

morph contains single carbon atoms and [C2] units, with a
C-C bond length of 1.33 Å for [C2], which is equal to the
double C-C bond in ethylene (∼1.335 Å) [15]. This
corresponds to a ½C2�4− dimer charge state and the formula
of α-Y4C5 can be written as Y

3þ
4 ½C2�4−2 C4− that is in a good

agreement with charges calculated by the CHARDI method
(Table S6 [27]). It is worth noticing here that the chemistry
of rare earth metal carbides gives evidence that simple rules
of electron counting do not describe these materials very
well, so that no conclusion about their electronic properties,
e.g., metallicity or non-metallicity, can be drawn directly
from such assignments.

For the [C2] and [C3] units in γ-Y4C5, the C-C distances
are 1.40(2) and 1.43(1) Å, respectively. They are longer
than expected for double-bonded (∼1.34 Å) and much
shorter than for single-bonded (∼1.50 Å) carbon atoms.
The length of the C-C bond of the order of 1.5—like in
benzene—is equal to 1.39 Å at ambient pressure, slightly
shorter than both C-C bond lengths in γ-Y4C5. This leads
us to the conclusion that the C-C bond orders in the [C2]
and [C3] units are noninteger and should be in the range of
1.0–1.5.
Assuming that the ½C2�Q1− and ½C3�Q2− units have integer

formal charges Q, the formula of γ-Y4C5 might be
represented as Y3þ

4 ½C2�5−½C3�6− · 1e, where the extra
valence electron is delocalized in the conduction band,
and does not participate in the Y-C or C-C bonding. The
presence of delocalized valence electrons has been dem-
onstrated for other binary metal carbides, e.g., for Sc3C4 ¼
Sc3þ30 ½C2�2−2 ½C3�4−8 C4−

12 · 6e [14]. In this simple concept of
charges’ assignment, the new nonlinear ½C3�6− is an anion
with 18 electrons, thus it is isoelectronic with the ozone O3

molecule and the ½CBC�7− anion in the La9Br6ðCBCÞ3
compound [49,50], both of which are also bent. The
bending angles are naturally different for ½CBC�7−
(∠C-B-C ¼ 148°), ½C3�6− (∠C-C-C ¼ 139.6°), and O3

(∠O-O-O ¼ 116.8°). Although the formal charge scheme
for γ-Y4C5 is nice and even provides a simple interpretation
for the C-C-C bending, it is inconsistent with the C-C bond
lengths, and we suggest that the “spare” electrons contrib-
ute to the C-C bonding, and that the charges of the [C2] and
[C3] units in γ-Y4C5 are noninteger. A similar phenomenon
has recently been reported for Na3ðN2Þ4, where [N2] dimers
have noninteger charges of −0.75 [51]. According to the
charge analysis (Table S5 [27]), the Q1=Q2 ratio for
½C2�Q1− and ½C3�Q2− are very similar, regardless of the
chosen analysis method. Assuming that the yttrium cation
possesses its common charge Y3þ, and using the average
ratio Q1=Q2 ¼ 0.775, we obtain the following noninteger
charges for the dimers and trimers ½C2�5.24− and ½C3�6.76− in
γ-Y4C5. The noninteger charges of the carbon units can be
explained by the delocalization of the electrons donated by
Y atoms on the partially filled antibonding π� molecular
orbitals of the [C2] and [C3] units. The electrons transfer
from yttrium to the carbon dumbbells is higher than to the
trimers due to the shorter average distance between Yand C
atoms in dimers (2.31 Å) in contrast to trimer (2.55 Å). This
is in a good agreement with the averaged charges of −2.62
and −2.25 per carbon atom in dimers and trimers, respec-
tively. The bond order is defined as a half of the difference
between the number of bonding and of antibonding
electrons, so for carbon anions ½C2�5.24− and ½C3�6.76−,
the bond orders are 1.38 and 1.31, respectively (Fig. S9,
[27]). The noninteger formal charges of dimers are known
for dinitrogen anions in recently synthesized compounds
[51] and they obey the linear dependency between N-N
bond length and charge state of ½N2�x−. Here we explored
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FIG. 3. The calculated convex hull in the Y-C binary-join for
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lie on the convex hull (black dashed line) and are thus thermo-
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the relationship between formal charges of dimers and the
C-C interatomic distances for a number of metal carbides
[6,10,23,52–56] and found an expected correlation between
the two parameters: the C-C distance increases with an
increase in the formal charge of the dimer (Fig. 4). Values
predicted for γ-Y4C5 mainly match this trend, thus support-
ing our evaluation of the formal charge of [C2] as being
high and non-integer.
Prior to this work, [C3] trimers have been considered as

mainly linear ½C ¼ C ¼ C�4− groups. Possible bending
known so far does not exceed 15° (a bending angle of
167.8° was reported for Ho4C7) [12]—usually explained by
denser packing arrangements in the structure. However, for
γ-Y4C5, the C3-C2-C3 angle is 134.4(2)°, deviating from
180° by almost 50°, which cannot be explained by the
packing arrangement alone. We suggest that the observed
extreme bending is a result of pressure-induced charge
transfer from Y dorbitals to antibonding states of [C3] units
which leads to a decrease in the multiplicity of the C-C
bonds and, as a result, the center C2 carbon atom cannot be
considered as sp hybridized.
Conclusions.—The chemical reaction of yttrium and

paraffin oil at pressures of ∼50 GPa and temperatures of
∼2500 °C led to the synthesis of a previously unknown
polymorph of yttrium carbide, orthorhombic γ-Y4C5. The
carbon atoms in the γ-Y4C5 crystal structure form [C2]
dumbbells and nonlinear [C3] trimers with the unusual
bending angle of 134.4(11)°. Density functional theory
based calculations demonstrate the metallic nature of
γ-Y4C5 and its dynamic stability at the synthesis pressures.
They also indicate that above 12 GPa γ-Y4C5 is thermo-
dynamically favorable relative to α-Y4C5. Noninteger

charges of carbon units, ½C2�5.24− and ½C3�6.76−, determined
by charge distribution analysis, can be explained by the
delocalization of the electrons donated by Yon the partially
filled antibonding π� molecular orbitals of the [C2] and [C3]
units. The partial filling of the antibonding π� molecular
orbitals of the [C3] unit results in an unusual C-C bond
order of 1.31 and a considerable bending of the [C3] units.
In this work we have demonstrated that covalently bonded
carbon species can accommodate very large non-integer
formal charges.
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Experimental method 

Sample preparation.  

The BX90-type large X-ray aperture diamond anvil cell (DAC) equipped with Boehler-Almax 

type diamonds (culet diameter is 250 mm) was used for single-crystal XRD studies  [1,2]. Rhenium 

foil pre-indented to a thickness ~20 μm and a hole of ~100 μm in diameter drilled in the center of 

the indentation served as a sample chamber. A piece of pure metallic yttrium was placed in the 

sample chamber filled with paraffin oil. Pressure was determined using the equation of states 

(EOS) of Re [3,4], and additionally monitored by the Raman signal from the diamond anvils  [5]. 

Samples were compressed up to 51 GPa and laser heated (LH) to ~ 2500(200)°C. LH of the 

samples was performed using in house laser heating setup  [6], equipped with two YAG lasers 

(1064 nm central wavelength) and IsoPlane SCT 320 spectrometer with a 1024×2560 PI-MAX 4 

camera for collection of thermal emission spectra from the heated spot. Temperatures were 

estimated by fitting of thermal emission spectra of the sample to the grey body approximation of 

Planck’s radiation function over a given wavelength range (570-830 nm). 

X-ray diffraction.  

XRD measurements were performed at beamline P02.2 of Petra III (DESY, Hamburg, Germany) 

with the X-ray beam (λ = 0.2891 Å) focused down to 1.8 × 2 μm2 by a Kirkpatrick−Baez mirror 

system, and XRD patterns were collected on a PerkinElmer 1621 XRD flat-panel detector. For 

single-crystal XRD measurements, samples are rotated around a vertical ω axis in a range ±35°. 

The XRD images were collected with an angular step Δω = 0.5° and an exposure time of 2s per 
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frame. The CrysAlisPro software package was used for analysis of the single-crystal XRD data 

(indexing, data integration, frame scaling, and absorption correction) [7]. A single crystal of 

(Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 orthoenstatite (Pbca, a = 18.2391(3), b = 8.8117(2), c = 5.18320(10) 

Å), was used to calibrate instrument model of the CrysAlisPro software (sample-to-detector 

distance, the detector’s origin, offsets of the goniometer angles and rotation of the X-ray beam and 

the detector around the instrument axis). The structure solution was performed with the Jana2006 

software  [8]. Crystal structure visualization was made with the VESTA software  [9]. The 

experimental EOS of the synthesized materials were obtained by fitting the pressure-volume data 

using the EoSFit7-GUI  [10]. 

Computational method. 

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) [11] for the exchange–correlation energy implemented within 

the projector-augmented wave (PAW) method [12] for describing the interaction between the core 

and the valence electrons (4s4p5s4d and 2s2p for Y and C, respectively) in the Vienna ab initio 

simulation package (VASP) [13]. We used the Monkhorst–Pack scheme with 4 × 6 × 6 k-points 

for Brillouin zone sampling and a 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. Harmonic lattice dynamics calculations 

were performed with the Phonopy software using the finite displacement method  [14]. 
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Tables. 
Table S1: Diamond anvil cell experiments.  

Reagents Pressure range (GPa) Temperatures (°C) 
DAC1 pure metallic Y in paraffin oil 44(1) 2500(200) 
DAC2 pure metallic Y in paraffin oil 46(1) 2000(200) – 3000(200) 
DAC3 pure metallic Y in paraffin oil 0 – 51(1) 2500(200) 

 
 
Table S2: Experimentally determined crystallographic data for the γ-Y4C5 phase at 44 GPa in 
comparison to the corresponding DFT-relaxed structure. The full crystallographic dataset was 
deposited to the CCDC under the deposition number 2083934.  

Crystal phase γ-Y4C5 (experiment) γ-Y4C5 (theory) 
Pressure (GPa) 44(1) 41 
Space group, Z Cmce, 8 Cmce, 8 

a (Å) 12.183(6) 12.3311 
b (Å) 7.659(3) 7.5829 
c (Å) 8.858(2) 8.8394 

V (Å3) 826.54(5) 826.536 
Wyckoff site and 
fractional atomic 

coordinates  
(x; y; z): 

Y1 8d (0.3525(1); 0.5; 0.5) (0.3518; 0.5; 0.5) 
Y2 8f (0.5; 0.7895(2); 0.6299(1)) (0.5; 0.8026; 0.6234) 
Y3 16g (0.6451(1);0.6247(2);0.8548(1)) (0.6449; 0.6266; 0.8529) 
C1 8f (0.5; 0.5015(16); 0.6768(14)) (0.5; 0.5077; 0.6750) 
C2 8e (0.75; 0.3835(14); 0.75) (0.75; 0.3835; 0.75) 
C3 16g (0.6934(8);0.3114(12);0.8762(9)) (0.6935; 0.3123; 0.8762) 
C4 8f (0.5; 0.3371(18); 0.6073(14)) (0.5; 0.3413; 0.6086) 

C-C distance in [C2] units (Å) 1.40(2) 1.392 
C-C distance in [C3] units (Å) 1.43(1) 1.422 

Number of 
measured/independent 

reflections (I ≥ 3σ) 

560 / 239 (221) - 

Rint 0.0267 - 
Final R indexes (I ≥ 3σ) R1 = 0.0227; wR2 = 0.0255 - 

Final R indexes (all data) R1 = 0.0252; wR2 = 0.0260 - 
Number of refined parameters 33 - 

 
 
Table S3. Crystallographic data for yttrium atomic coordinates, coordination numbers of Y and 
Y-C distances for the α-Y4C5, Y4C7 and Y3C4 at ambient pressure. 

Composition Y atom / 
wyckoff site 

Fractional atomic 
coordinates (x; y; z) CN of Y Y-C distances in first 

coordination sphere, Å 

α-Y4C5 Y0 / 4h 0.3922; 0.3045; 0.5 9 2.499 - 2.873 
Y1 / 4g 0.2455; 0.0434; 0 5 2.390 - 2.648 

Y4C7 Y0 / 4e 0.0427; 0.1651; 0.1595 9 2.423 - 2.825 
Y1 / 4e 0.3247; 0.4374; 0.2091 7 2.478 – 2.878 

Y3C4 
Y0 / 16i 0.1006; 0.2883; 0.1466 7 2.357 - 2.859 
Y1 / 8h 0.0956; 0.7018; 0.50 7 2.498 - 2.775 
Y2 / 4e 0; 0; 0.3124 6 2.358 - 2.643 
Y3 / 2a 0; 0; 0 6 2.514 – 2.621 
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Table S4: Experimentally determined crystallographic data for the Y2C3 phase at 46 GPa. 
Crystal phase Y2C3 (experiment) 

Pressure (GPa) 46 
Space group, Z I-43d, 8 

a (Å) 7.745(2) 
V (Å3) 464.65(6) 

Wyckoff site and fractional 
atomic coordinates (x; y; z): 

Y 16c (0.0516(2); 0.4484(2); 0.5516(2)) 
C 24d (0; 0.25; 0.790(3)) 

C-C distance in [C2] units (Å) 1.32(1) 
Number of measured/independent 

reflections (I ≥ 3σ) 
654 / 230 (181) 

Rint 0.0699 
Final R indexes (I ≥ 3σ) R1 = 0.0674; wR1 = 0.0629 

Final R indexes (all data) R1 = 0.0949; wR1 = 0.0697 
Number of refined parameters 6 

 
Table S5: Results of charge distribution analysis using Bader charge calculations based on the 
computed charge density and charge analysis in the ionic approximation (CHARDI2015) from the 
refined structure at 44 GPa (DAC1). 
Atom Bader charge analysis CHARDI method 

Y1 1.52 2.95 
Y2 1.25 2.79 
Y3 1.51 2.93 
C1 -1.22 -2.55 
C2 -0.78 -1.87 
C3 -1.25 -2.30 
C4 -1.29 -2.58 

Charge analysis for carbon units in the γ-Y4C5 

Carbon unit Bond length, Å Bader charge analysis CHARDI method 
Q value Q1/ Q2 Q value Q1/ Q2 

[C2]Q1- 1.40(2) -2.51 0.76 -5.13 0.79 [C3]Q2- 1.43(1) -3.28 -6.47 
 
Table S6. Results of charge distribution analysis using Bader charge calculations based on the 
computed charge density and charge analysis in the ionic approximation for the yttrium carbides 
Y2C3, YC2 and α-Y4C5 at ambient pressure. 

 Atom and 
Wyck. site 

fractional atomic 
coordinates (x; y; z) 

Bader charge 
analysis 

Charge 
of [C2] 

CHARDI 
method 

Charge 
of [C2] 

Y2C3 Y / 16c 0.0510; 0.0510; 0.0510 1.62 -2.16 2.96 -3.94 
C / 24d 0.2960; 0; 0.25 -1.08 -1.97 

YC2 Y / 2a 0; 0; 0 1.85 -1.86 2.98 -2.98 
C / 4e 0; 0; 0.3951 -0.93 -1.49 

α-
Y4C5 

Y0 / 4h 0.3922; 0.3045; 0.5 1.67 

-2.24 

3.36 

-3.91 
Y1 / 4g 0.2455; 0.0434; 0 1.65 2.64 
C0 / 4g 0.0930; 0.3443; 0 -1.08 -1.99 
C1 / 4g 0.1400; 0.2353; 0 -1.16 -1.92 
C2 / 2b 0; 0; 0.5 -2.16 -4.19 
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Figures. 
(a) 

 

(b) 
 

 

(с) 

 

(d) 

  

(e)    

 

(f) 

 
FIG. S1. Crystal structure of γ-Y4C5 at 44 GPa. (a) The unit cell viewed along the b direction; balls 
symbolize yttrium and carbon atoms: dark gray balls are Y atoms; carbon atoms if  [C2] are shown 
in brown and of [C3]- in red (b) Arrangement of [C2] units in the rows along the b direction (Y 
atoms in the raw are not shown); [C2] dimers in the adjacent rows are mutually oriented in a 
"parquet-like” manner. (c) Arrangement of [C3] units. (d) – (f) Coordination environment of Y1, 
Y2 and Y3 atoms. 
 
(a) 

 

(b)

 
FIG. S2. Pressure dependence of the lattice parameters and calculated angle between atoms C3-
C2-C3 for γ-Y4C5 phase. (a) Pressure-dependent experimental values of lattice parameters. The 
open gray, red and blue symbols represent a, b and c lattice parameters, respectively. The relative 
change in the length are the same (~ 4%) for each crystallographic direction. (b) Pressure 
dependence of the bending angle in [C3] carbon units calculated by DFT.    
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FIG. S3. Pressure-volume dependence for α-Y4C5 (blue) and γ-Y4C5 (red) from the DFT 
calculations using fixed pressures to construct the convex hull (Fig.  S7). Dashed lines represent 
the second order Birch Murnaghan fit of the results. 

 
 

(a)  

 

(b) 

 
FIG. S4. Phonon dispersion curves along high-symmetry directions in the Brillouin zone and 
phonon density of states for γ-Y4C5 calculated at (a) 0 GPa and (b) 44 GPa. 

 

 
FIG. S5. The electronic band structure (left side) and electronic density of states (right side) of γ-
Y4C5 calculated at 44 GPa along high-symmetry directions in the Brillouin zone. 
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FIG. S6. Calculated difference in enthalpy per formula unit between α-Y4C5 and γ-Y4C5 
phases (ΔH = H(α-Y4C5)/Z – H(γ-Y4C5)/Z) as a function of pressure.  

 
 

  

  
Fig. S7. Calculated convex hull in the Y-C binary for known yttrium carbides at 0 GPa, 20 GPa, 
40 GPa and 60 GPa. Phases that lie on the convex hull (black dashed line) are thermodynamically 
stable (there are no other lower energy phases into which they can decompose). Phases that are off 
the convex hull are unstable. 
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FIG. S8. (a) Calculated electron localization function (ELF) with an isosurface value of 0.8 
superimposed over the crystal structure of γ-Y4C5 at 44 GPa and 2D ELF shown for the cross-
sections of the [C2] and [C3] carbon units. 

 

 

 
Fig. S9. Qualitative molecular orbital diagrams with intermediate average occupancy for carbon 
anions [C2]5.24- and [C3]6.76-. 
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4.4. High-pressure yttrium borate oC20-YBO3 and orthocarbonate hR39-Y3(CO4)2 

synthesized at megabar pressures. 

 

 

This section contains the following manuscript and the related supplementary material: 

 

“High-pressure yttrium borate oC20-YBO3 and orthocarbonate hR39-Y3(CO4)2 synthesized at 

megabar pressures” 

 

A. Aslandukova, A. Aslandukov, Y. Yin, M. Bykov, A. Pakhomova, N. Dubrovinskaia &    

L. Dubrovinsky  

 

 

Status: to be submitted to Angewandte Chemie. 
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Abstract 

Two novel ternary compounds, yttrium borate oC20-YBO3 and orthocarbonate hR39-

Y3(CO4)2, were synthesized at two pressures of ~ 90 and 120 GPa and temperatures of ~3500K 

in the laser-heated diamond anvil cell. Their crystal structures were solved and refined using 

in situ high-pressure synchrotron single-crystal X-ray diffraction. The crystal structure of 

oC20-YBO3 features a unique previously unobserved isolated infinite zig-zag unbranched 

сhains of corner-sharing BO4 tetrahedra. The hR39-Y3(CO4)2 is comprised of isolated [CO4]
4- 

orthocarbonate anions and represents the first rare-earth orthocarbonate. Density functional 

theory (DFT) calculations support these discoveries and provide further insight into the 

stability and physical properties of the synthesized compounds. Our results enrich borate and 

carbonate chemistry.   
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Introduction 

Metal borates and carbonates are important inorganic solids, that have been studied 

extensively both from geoscience and material science perspectives  [1–3]. Rare-earth borates are 

known as multifunctional optical materials. Yttrium borates are known as host matrices for 

luminescence lanthanide ions[4,5]. There are a few reported yttrium anhydrous borates 

synthesized at ambient pressure, YBO3
[6–8] and Y3BO6 

[9] containing isolated [B3O9]
6- or 

[BO3]
3- anions. Several more borates Y(BO2)3 

[10], α-Y2B4O9 
[11], β-Y2B4O9 

[12] and YB7O12 
[13] 

were obtained since 2017 under moderate pressure up to 12.3 GPa. These high-pressure phases 

possess different anionic motifs: bands of BO4 tetrahedra as well as planar BO3-groups in  

β-Y2B4O9, ribbons of BO4 tetrahedra in Y(BO2)3, and 3D frameworks of BO4 tetrahedra in  

α-Y2B4O9 and YB7O12.  

Rare-earth carbonates at ambient conditions are usually present as carbonate 

crystallohydrates, oxo- or hydroxy-carbonates. Yttrium carbonate Y2(CO3)3·nH2O in a form of 

crystallohydrate with different water content (including minerals like tengerite-(Y) (n=2-3)[14–

16] and yuchuanite-(Y) (n=1)[17]), oxycarbonate Y2O2CO3
[18], and hydroxycarbonate 

YOHCO3
[16,19] are known at ambient pressure containing only planar trigonal [CO3]

2-. It is 

well-established, that high pressure promotes the stabilization of more complex anions such as 

pyrocarbonate [C2O5]
4- anion[20,21] and sp3-carbonate anions built of CO4 

tetrahedra — isolated[22–24] or connected to other tetrahedra by corner-sharing forming rings[25–

27], finite [22,28] or infinite chains[29]. However, high-pressure rare-earth carbonates are not yet 

known.  

Here, we report crystal structures of a novel high-pressure modification of yttrium 

borate oC20-YBO3 with unique unbranched chains of the corner-sharing [BO4] tetrahedra and 

first rare-earth orthocarbonate hR39-Y3(CO4)2. They were serendipitously obtained 

simultaneously in a laser-heated diamond cell at 120 and 90 GPa during the exploration of 

high-pressure yttrium hydrides. Their crystal structures were solved and refined based on 

synchrotron single-crystal X-ray diffraction. DFT calculations give further insight into the 

stability and physical properties of discovered compounds. 
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The novel yttrium borate oC20-YBO3 and orthocarbonate hR39-Y3(CO4)2 were 

obtained as minor byproducts during the high-pressure synthesis of the yttrium hydrides in one 

out of five laser-heated DACs (namely DAC#5) reported in [30]. This DAC was loaded with the 

yttrium (Y) pieces in between two layers of ammonia borane (NH3BH3), which was used as a 

hydrogen-rich source, as well as a pressure-transmitting media. The details of the sample 

preparation, data collection, structure determination, and refinement are described in the 

Supplemental Material. The presence of oxygen in the reaction products is apparently related 

to oxygen contamination of yttrium pieces since yttrium loading was done in air, and therefore 

the partial oxidizing of yttrium pieces was possible. The carbon originates from the diamond 

anvils, well known to be able to act as a carbon source and participate in chemical reactions[30–

35]. Below YBO3 is first discussed, and then Y3(CO4)2. 

The novel high-pressure polymorph of YBO3 was observed at ~ 120 GPa and 90 GPa 

after laser-heating to ~ 3500 K through a chemical reaction of partially oxidized yttrium with 

ammonia borane. The in-situ synchrotron single-crystal X-ray diffraction enabled the crystal 

structure solution and refinement (crystallographic information is provided in Table S1). YBO3 

crystallizes in the orthorhombic space group C2221 (#20, Z = 4, Pearson symbol oC20) with 

the unit cell parameters a = 5.594(13) Å, b = 7.225(3) Å, and c = 3.3428(13) Å (unit cell volume 

is 135.1(3) Å3) at 120(2) GPa (Fig. 1). Yttrium and boron atoms occupy Wyckoff positions 4b 

and 4a, respectively, while oxygen atoms are located at two distinct 8c and 4b Wyckoff sites. 

Yttrium polyhedra YO10 can be considered as distorted bicapped square prisms, with the Y-O 

distances ranging between 2.07(4) and 2.441(14) Å (Fig. 1c). In this structure, BO4 tetrahedra 

connected via common vertices, form a complex quasi 1D anionic network – infinite zig-zag 

unbranched boron-oxygen сhains [-O-B(O2)-]
3- along the c axis (Fig. 1b). The boron bond with 

bridging oxygen O2 is slightly elongated in comparison to non-bridging oxygen O1 (Fig. 1d). 

Considering higher pressure, the B-O bond length (1.34(7) and 1.44(6) Å) and ∠O-B-O angles 

(109(7)° and 111(4)°) in oC20-YBO3 at 120 GPa are in good agreement with those in other 

compounds with corner-connected BO4 tetrahedra, i.e. YB7O12 at 10 GPa (1.397(2)-1.562(2) 

Å, 100.2(7)°-119.8(8)°) or β-MgB4O7 at 1 bar (1.434(4)-1.569(6) Å, 106.6(2)°-111.4(4)°) [13,36]. 
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Fig. 1. Crystal structure of oC20-YBO3. A unit cell of the structure with the Y, B, and O atoms 

shown as gray, green, and red balls, respectively, (a) along c-direction and (b) along b-direction  

with the illustration of the unique zig-zag unbranched boron-oxygen сhains. (c) The 

coordination environment of the Y atoms. (d) The illustration of the boron coordination 

environment in BO4 tetrahedra connected via common vertices. 

The structure motif of unbranched chains, solely built up by one BO4 tetrahedron as a 

fundamental building block, is not unknown to borate chemistry but very scarce. In anhydrous 

borates, [BO3]∞ chains solely built up by corner-linked [BO4] tetrahedra were observed only in 

Ln2GeB2O8 (RE = Nd, Sm−Tb)[37], and LnMBO5 (Ln = La, Pr; M = As, Ge) series[38]. However, 

infinite chains of corner-sharing [BO4] tetrahedra in structures of Ln2GeB2O8 and LnMBO5 are 

not isolated but further bridged by [MO4] (M = As, Ge) tetrahedra via corner-sharing to form 

2D anionic layered frameworks, in which the [BO4] and [MO4] (M = As, Ge) tetrahedra are in 

an alternated arrangement (Fig. S1a-b). Among hydrogen-containing borates, there is one 

known mineral vimsite, Ca[B2O2(OH)4], which consists of highly protonated BO4 chains[39]. 

In Ca[B2O2(OH)4], the chains form sheets, which are connected by H-bonds, and Ca2+ cations 

only reside between these layers(Fig. S1c). Whereas the chains in here-discovered oC20-YBO3 

are not linked and are surrounded by Y3+ cations (Fig. 1). Therefore, anionic unbranched 

[BO3]∞ chains of corner-sharing [BO4] tetrahedra found in YBO3 is a unique structure motif, 

that enrich state-of-art borate chemistry. 

Interestingly, the isostructural to oC20-YBO3 pyroxene-type CaCO3-I structure was 

predicted to be the most stable polymorph for CaCO3 above 137 GPa[40]. The Y and C atoms 

are located at the same sites as Ca and C in the structure of CaCO3-I. The same phases were 

predicted for MgCO3 and SrCO3 compounds. The CaCO3-I phase is denser than any other 

111(4) 

∠O1-B-O1 = 111(4) 

∠O2-B-O2 = 109(7) 

∠O1-B-O2 = 109(7) 

1.34(7) Å
1.44(6) Å

Average Y-O = 2.22 Å

(a) (b)

(c) (d)
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polymorph[41], which is considered the primary factor contributing to its stabilization under 

high pressure[40]. We observed similar characteristics for YBO3: according to DFT calculations, 

the oC20-YBO3 polymorph is ~14% times denser at 90 GPa than the monoclinic mC60- and 

orthorhombic oC60-YBO3 polymorphs [6–8]. 

The full relaxation of the structural model (with the fixed unit cell volume obtained 

from the experiment at ~ 120 GPa and 90 GPa) results in the unit cell parameters, atomic 

coordinates, and pressure value, that are in very good agreement with the experimental data 

(Table S1). The pressure dependence of the unit cell volume for oC20-YBO3, obtained from 

the computations over a wide pressure range 1 bar – 150 GPa, can be described by a third-order 

Birch-Murnaghan equation of state with the following parameters: bulk modulus K0 = 175.4(5) 

GPa, V0 = 191.84(5) Å3, and the pressure derivative of the bulk modulus K0´= 4.07(1) (Fig. 

S2). The calculated bulk modulus of oC20-YBO3 is the same within the error bar as that of 

known mC60-YBO3 (K0 = 163(13) GPa – experimentally obtained value by[8]) and oC60-YBO3 

(175.13 GPa – calculated value from[42]) modifications.  

Harmonic phonon dispersion calculations using the Phonopy software[43] reveal that 

novel YBO3 is dynamically stable at synthesis pressures (Fig. 2a), but unstable at ambient 

conditions, i.e. there are imaginary frequencies at 0 GPa (Fig. S3a). To explore the 

thermodynamic stability of oC20-YBO3 the calculated enthalpy as a function of pressure was 

compared with the enthalpy of known modification of yttrium borate – mC60-YBO3
[7] (structure 

from 114335-ICSD was adapted) and oC60-YBO3
[6] (structure from 44162-ICSD was 

adapted). In agreement with our observations, the oC20-YBO3 is thermodynamically favorable 

over mC60-YBO3 and oC60-YBO3 above ⁓23 and 19 GPa, respectively (Fig. S4).  

(a) 

  

(b) 

 
Fig. 2. Phonon dispersion curves along high-symmetry directions in the Brillouin zone and 

phonon density of states for (a) for oC20-YBO3 calculated at 125.9 GPa (corresponding to the 

experimental volume of ~135.1(3) Å3); (b) for hR39-Y3(CO4)2 calculated at 112.5 GPa 

(corresponding to the experimental volume of ~ 283.7(2) Å3). 
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To further explore the nature of chemical bonding in oC20-YBO3, we analyzed the 

computed charge density in terms of the electron localization function[44] which revealed strong 

covalent bonding between boron and oxygen atoms, and ionic bonds between Y and O (Fig. 

3a). Charge density map in the ac plane containing the infinite zig-zag boron-oxygen chains is 

shown in Figure 3b.  

 
Fig. 3. Calculated (a) electron localization function with an isosurface value of 0.8 

superimposed over the crystal structure of oC20-YBO3 at 125.9 GPa (corresponding to the 

experimental volume of ~135.1(3) Å3) and  (b) its cross-sections in the plane (010). 

The high-pressure yttrium orthocarbonate hR39-Y3(CO4)2 was obtained in the same 

DAC with oC20-YBO3 at ~ 120 GPa and 90 GPa after laser-heating to ~ 3500 K through a 

chemical reaction of partially oxidized yttrium with carbon from diamond anvils. It crystallizes 

with the palmierite structure type (space group R3̅m, #166, Z = 3) with the unit cell parameters 

a = 4.4114(15) Å, and c = 16.832(5) Å (unit cell volume is 283.7(2) Å3) at 120(2) GPa (Fig. 

3). Details of the single-crystal structure refinement and crystallographic information is 

provided in Table S2. Yttrium atoms occupy two 3a (Y1) and 6c (Y2) Wyckoff positions, 

oxygen atoms are located at 6c and 18h sites, while carbon atoms are located at one 6c Wyckoff 

site, similarly to Ca, O, and P atoms, respectively, in the γ-form of the Ca3(PO4)2 structure[45] 

(Fig. S5). Y1 is bonded in a 12-coordinate geometry to twelve O²⁻ atoms (Fig.4), with the Y-

O distances ranging between 2.178(12) and 2.5478(11) Å. In the second yttrium site, Y2 is 

surrounded  by ten oxygen atoms (Fig. 4b) with a spread of Y-O bond distances ranging from 

2.06(3) - 2.237(10) Å. The key structural feature of orthocarbonates and their main difference 

from carbonates is the CO4 tetrahedron anion, which contains carbon in the sp3-hybridized 

state. The C–O bond lengths within the tetrahedron in hR39-Y3(CO4)2 vary from 1.322(15) to 

1.41(4) Å at 120 GPa, which is in good agreement with known orthocarbonates[23,28,46,47]. Bond 

angles vary in the range 108.1(1) – 110.8(2)° at 120 GPa (Fig. 4e), thus, the deviation from the 

angles of the ideal tetrahedron does not exceed 2°. In this structure, an anionic subsystem can 

be considered as layers of isolated CO4 tetrahedral units (Fig. 4c-d). The Y1O12 and Y2O10 

(a) (b)
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polyhedra share common faces and form a sandwich-like stacking of Y2O10 - Y1O12 - Y2O10, 

which ends with a corner coordinated CO4 polyhedron (Fig. 4b), spaced by empty octahedral 

sites – “voids”. The voids are located at a high symmetry point  –  3a Wyckoff site (Fig. 4d). 

 
Fig. 4. Crystal structure of hR39-Y3(CO4)2. (a) A unit cell of the structure with the Y1, Y2, C, 

and O atoms shown as green, blue, brown, and red balls, respectively, along a-direction. (b) 

The illustration of the linkage scheme of polyhedral cations and surrounded oxygen atoms. A 

unit cell along a-direction, showing the  CO4 polyhedron – (c) all atoms are shown and (d) 

yttrium atoms are not shown; voids are shown as yellow balls. The coordination environment 

of the C atoms in isolated CO4 tetrahedra. 

For the palmierite structure (which is a cation-deficient derivative of the 9R-hexagonal 

perovskite polytype A3B2O9) the proton and oxide ion conductivity is known, due to high 

proton mobility in ordered voids[48]. Assuming all yttrium to be Y3+ the charge distribution for 

the hR39-Y3(CO4)2 can be represented as Y3+
3[CO4]2

4-⸱1e, where one extra valence electron per 

formula unit is needed to achieve electroneutrality (Z=3, therefore, in total it is 3 electrones per 

unit cell). There are three voids per unit cell, which suggests that each additional electron might 

be localized in each of these voids (Fig. 4d). Therefore, instead of assuming proton mobility, 

one might consider electron mobility. However, this hypothesis is beyond the scope of this 

work and needs to be validated by theorists. 

In order to gain a deeper insight into the stability and pressure-volume behavior 

Y3(CO4)2, we performed theoretical calculations based on the density functional theory. The 

full relaxation of the structural model of hR39-Y3(CO4)2 at an experimental pressure of 120 

GPa results in the unit cell parameters and atomic coordinates that agree well with the 

experimental data (Table S2). Harmonic phonon dispersion calculations along the high-

symmetry directions of the Brillouin zone show that hR39-Y3(CO4)2 is dynamically stable at 

the experimental volume of ~ 283.7(2) Å3 (corresponds to theoretical pressure of ~113 GPa) 

(Fig. 2b), but unstable at ambient conditions (Fig. S3b). The pressure dependence of the 

theoretical values of the unit cell volume of Y3(CO4)2 can be described by the third-order Birch-

Murnaghan equation of state with the parameters V0 = 389.05(6) Å3, K0 = 184.6(3) GPa and K' 

= 4.14(1) (Fig. S6).  

110.8(2) 

1.322(16) Å
108.1(1) 

1.41(4) Å

(a) (b) (c) (d) (e)
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To summarize, a novel polymorph of yttrium borate oC20-YBO3 and first 

orthocarbonate hR39-Y3(CO4)2 were obtained at pressures of ~ 90 and 120 GPa and 

temperatures of ~3500K in the LHDAC. Their structures were solved and refined in situ using 

HP synchrotron SCXRD. In oC20-YBO3, BO4 tetrahedra are connected via common vertices, 

forming the unique isolated quasi 1D anionic network – infinite zig-zag unbranched boron-

oxygen сhains. Our results extend the list of possible B-O networks in borates. The hR39-

Y3(CO4)2 is the first rare-earth orthocarbonate. Moreover, considering the electroneutrality of 

Y3(CO4)2 and assuming all yttrium to be Y3+, the charge distribution for the Y3(CO4)2 can be 

represented as Y3
3+[CO4]2

4-⸱1e. Density functional theory-based calculations demonstrate 

dynamic and thermodynamic stability of obtained compounds at synthesis pressures. 
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High-pressure yttrium borate oC20-YBO3 and orthocarbonate hR39-

Y3(CO4)2 synthesized at megabar pressures  

 

Supporting Information 

 

EXPERIMENTAL METHODS 

Sample preparation 

The BX90-type large X-ray aperture diamond anvil cell (DAC) equipped with Boehler-

Almax type diamonds (culet diameter is 120 μm) was used for single-crystal XRD studies [1,2]. 

Rhenium foil pre-indented to a thickness of ~20 μm and a hole of ~60 μm in diameter drilled 

in the center of the indentation served as a sample chamber. A piece of yttrium was placed in 

the sample chamber filled with NH3BH3. Pressure was determined using the equation of states 

of Re [3,4], and additionally monitored by the Raman signal from the diamond anvils [5]. A 

sample were compressed up to 90 GPa and laser heated (LH) to ~ 3000(200)K, for the second 

experemental point the pressure was increased to 120 GPa and samples was re-heated to 

3000(200)K. LH of the samples was performed using an in house laser heating setup[6], 

equipped with two YAG lasers (1064 nm central wavelength). 

X-ray diffraction measurements and data analysis procedure  

XRD measurements were performed at the ID27 beamline (ESRF, Grenoble, France) 

with an X-ray beam (λ = 0.3738 Å) focused to a size of 1.5 × 1.5 μm2, and the XRD patterns 

were collected on an Eiger2X CdTe 9M hybrid photon-counting pixel detector. For SCXRD 

measurements, samples were rotated around a vertical ω axis in a range of ±36°. The XRD 

images were collected with an angular step Δω = 0.5°. The CrysAlisPro software package [7] was 

used for the analysis of the single-crystal XRD data (indexing, data integration, frame scaling, 

and absorption correction). A single crystal of (Mg1.93,Fe0.06)(Si1.93,Al0.06)O6 orthoenstatite 

(Pbca, a = 18.2391(3), b = 8.8117(2), c = 5.18320(10) Å), was used to calibrate instrument 

model of the CrysAlisPro software. The DAFi program[8] was used for the search of reflection’s 

groups belonging to the individual single-crystal domains. Using the OLEX2 software 

package[9] the structures were solved with the ShelXT structure solution program[10] using 

intrinsic phasing and refined with the ShelXL[11] refinement package using least-squares 

minimization. Crystal structure visualizations were made with the VESTA software[12]. The 
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EoS of the synthesized materials were obtained by fitting the calculated pressure-volume data 

using the EoSFit7-GUI [13]. 

 

COMPUTATIONAL DETAILS 

The first-principles calculations were done using the framework of density functional 

theory (DFT) as implemented in the Vienna Ab initio Simulation Package (VASP) [14]. To 

expand the electronic wave function in plane waves we used the Projector-Augmented-Wave 

(PAW) method [15,16]. The Generalized Gradient Approximation (GGA) functional was used 

for calculating the exchange-correlation energies, as proposed by Perdew–Burke–Ernzerhof 

(PBE) [17]. The PAW potentials with following valence electrons of 4s4p5s4d for Y, 2s2p for 

C, O, and B were used. The Monkhorst-Pack [18] k-point grid and an energy cutoff for the plane 

wave expansion were selected based on convergence tests with a threshold of 2 meV per atom 

for energy. The phonon frequencies and phonon band structure calculations were performed in 

the harmonic approximation with non-analytical term correction with the help of PHONOPY 

software55 using the finite displacement method for 2x2x3 (for YBO3) and 2x2x2 (for 

Y3(CO4)2) supercells (made for the primitive cell (PPOSCAR)) with respectively adjusted k-

points. Equation of state (EoS) and static enthalpy calculations were performed via variable-

cell structural relaxations between 1 bar and 160 GPa. In our calculations, temperature, 

configurational entropy, and the entropy contribution due to lattice vibrations were neglected. 
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Tables 

Table S1: Experimentally determined crystallographic data for a novel yttrium boride oC20-

YBO3 at 120(5) and 90(5) GPa in comparison to the corresponding DFT-relaxed structure. The 

full crystallographic dataset was deposited to the CCDC under deposition number 2279789. 

 experiment theory 

Pexperiment = 120(5) GPa 

Space group, Z C2221, 4 C2221, 4 

a (Å) 5.594(13) 5.60978 

b (Å) 7.225(3) 7.2405 

c (Å) 3.3428(13) 3.32626 

V (Å3) 135.1(3) 135.1 

Pressure P (GPa) 120(5) 125.9 

Nm / Ni (I ≥ 3σ)* 160 / 109 (79) - 

Rint; I/σ(I) 0.0475; 12.7 - 

Final R indexes (all) R1 = 0.082; wR2 = 0.105 - 

Final R indexes (I ≥ 3σ) R1 = 0.051; wR2 = 0.095 - 

Δρmin, Δρmax, eÅ-3 -1.3, 1.8 - 

NP
*; Ni / NP 14; 7.79 - 

Wyckoff site and 

fractional atomic 

coordinates (x; y; z): 

Y1 4b 0; 0.6833(3); 0.25 0; 0.68285; 0.25 

B1 4a 0.150(18); 0; 0 0.14175; 0;0  

O1 4b 0; 0.1133(16); 0.25 0; 0.1118; 0.25 

O2 8c 0.215(4); 0.3895(11); 0.270(13) 0.21612; 0.38948;0.26204 

Pexperiment = 90(5) GPa 

Space group, Z C2221, 4 C2221, 4 

a (Å) 5.659(13) 5.79741 

b (Å) 7.528(4) 7.51703 

c (Å) 3.4490(13) 3.37157 

V (Å3) 146.9(3) 146.9 

Pressure P (GPa) 90(5) 81 

Nm / Ni (I ≥ 3σ)* 141/95 (68) - 

Rint; I/σ(I) 0.033; 20.4 - 

Final R indexes (all) R1 = 0.110; wR2 = 0.202 - 

Final R indexes (I ≥ 3σ) R1 = 0.086; wR2 = 0.186 - 

Δρmin, Δρmax, eÅ-3 -1.7; 1.9 - 

NP
*; Ni / NP 14; 6.79 - 

Wyckoff site and 

fractional atomic 

coordinates (x; y; z): 

Y1 4b 0; 0.6838(5); 0.25 0; 0.68658; 0.25 

B1 4a 0.135(18); 0; 0 0.14362; 0; 0 

O1 4b 0; 0.116(4); 0.25 0; 0.10782; 0.25 

O2 8c 0.202(9); 0.392(3); 0.217(14) 0.21653; 0.3889; 0.26834 

* Nm - number of measured reflections and Ni - number of independent reflections; NP - number 

of refined parameters; 
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Table S2: Experimentally determined crystallographic data for a novel yttrium orthocarbonate 

hR39-Y3(CO4)2 at 120(5) and 90(5) GPa in comparison to the corresponding DFT-relaxed 

structure. The full crystallographic dataset was deposited to the CCDC under deposition 

number 2279788. 

 experiment theory 

Pexperiment = 120(5) GPa 

Space group, Z R3̅m, 3 R3̅m, 3 

a (Å) 4.4114(15) 4.3883 

c (Å) 16.832(5) 17.0095 

V (Å3) 283.67(16) 283.67 

Pressure P (GPa) 120(5) 112.6 

Nm / Ni (I ≥ 3σ) 250/136 (91) - 

Rint; I/σ(I) 0.069; 10.2 - 

Final R indexes (all) R1 = 0.087; wR2 = 0.114 - 

Final R indexes (I ≥ 3σ) R1 = 0.059; wR2 = 0.107 - 

Δρmin, Δρmax, eÅ-3 -1.5; 1.9 - 

NP
*; Ni / NP 17; 8.0 - 

Wyckoff site and 

fractional atomic 

coordinates (x; y; z): 

Y1 3a 0; 0; 0 0; 0; 0 

Y2 6c 0; 0; 0.20707(12) 0; 0; 0.20873 

C1 6c 0; 0; 0.4143(17) 0; 0; 0.40815 

O1 6c 0; 0; 0.329676(19) 0; 0; 0.32979 

O2 18h 0.4971(2); 0.5025(3); 0.2289(11)  0.49676; 0.50324; 0.2313 

Pexperiment = 90(5) GPa 

Space group, Z R3̅m, 3 R3̅m, 3 

a (Å) 4.534(8) 4.5025 

c (Å) 17.114(12) 17.3545 

V (Å3) 304.7(11) 304.7 

Pressure P (GPa) 90(5) 78.1 

Nm / Ni (I ≥ 3σ) 175/105 (85) - 

Rint; I/σ(I) 0.0241; 41.1  - 

Final R indexes (all) R1 = 0.077; wR2 = 0.103 - 

Final R indexes (I ≥ 3σ) R1 = 0.064; wR2 = 0.099 - 

Δρmin, Δρmax, eÅ-3 -1.2; 1.8 - 

NP
*; Ni / NP 17; 6.18 - 

Wyckoff site and 

fractional atomic 

coordinates (x; y; z): 

Y1 3a 0; 0; 0 0; 0; 0 

Y2 6c 0; 0; 0.2072(1) 0; 0; 0.20897 

C1 6c 0; 0; 0.4128(14) 0; 0; 0.40796 

O1 6c 0; 0; 0.3286(4) 0; 0; 0.33031 

O2 18h 0.499(4); 0.499(4); 0.2296(15)  0.49543; 0.50457; 0.23189 
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Figures 

 
Fig. S1. A unit cell of the crystal structure of (a) NdGeBO5 along b direction (structure from 

168970-ICSD), (b) Pr2GeB2O8 along c direction (structure from 86742-ICSD), and (c) 

Ca[B2O2(OH)4] along b direction (structure from 44162-ICSD).  The left part of each figure 

shows the illustration of the infinite anionic chains. The Ge, B, O, and H atoms are shown as 

gray, green, red, and white balls, respectively. Pr, Nd, and Ca atoms are not shown. 
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Fig. S2. The pressure dependence of the oC20-YBO3 unit cell volume. Red solid stars represent 

experimental data, while black solid circles – values from DFT calculations. The black dashed 

line shows the fit of the calculated P-V data using the third-order Birch-Murnaghan equation 

of state (V0 = 191.84(5) Å3, K0 = 175.4(5) GPa and K' = 4.1(1)). 
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Fig. S3. Phonon dispersion curves along high-symmetry directions in the Brillouin zone and 

phonon density of states for oC20-YBO3 (a) and R3̅m – Y3(CO4)2 (b), calculated at 1 bar. 

 

 

 
Fig. S4. Results of DFT calculated enthalpy difference between novel oC20-YBO3 and known 

monoclinic mC60- and hexagonal oC60-YBO3 polymorphs: ΔH = HoC16-YBr3 – HhR24-YBr3. 
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(a) 

 

(b) 

 
Fig. S5. Crystal structure of Y3(CO4)2 and Ca3(PO4)2. (a) A unit cell of the structure of Y3(CO4)2 

with the Y, C, and O atoms shown as green, brown, and red balls, respectively, along a-

direction. (b) A unit cell of the structure of Ca3(PO4)2 with the Ca, P, and O atoms shown as 

blue, violet, and red balls, respectively, along a-direction. The right part of both figures shows 

an illustration of the forming "pinwheels"-fragment made of (a) Y and  CO4 polyhedra, and (b) 

Ca and PO4 polyhedra.  

 

 

 
Fig. S6. The pressure dependence of the Y3(CO4)2 unit cell volume. Red solid stars represent 

experimental data, while black solid circles – values from DFT calculations. The black dashed 

line shows the fit of the calculated P-V data using the third-order Birch-Murnaghan equation 

of state (V0 = 389.05(6) Å3, K0 = 184.6(3) GPa and K' = 4.1(1)). 
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