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Abstract

The application of extreme conditions offers a general route for the synthesis
of materials under equilibrium conditions. By finely tuning the thermodynamic
variables of pressure and temperature one can manipulate matter on an atomic
scale, creating novel compounds or changing the properties of existing materials.
In particular, the study of hydrogen and hydrogen compounds has attracted
the attention of researchers in the past. Although hydrogen readily reacts
with many elements at ambient conditions, there is a significant “hydride gap”
covering the d-metals between the Cr-group and Cu-group elements. At elevated
pressures however, the chemical potential of hydrogen rises steeply. At sufficient
pressures, hydrogen overcomes the dissociation barrier at the metal surface and
atomic hydrogen diffuses into the metal, usually occupying interstitial sites in the
host matrix. These interstitial hydrogen alloys can exhibit interesting physical
properties, such as modified crystalline structures, different compressibility,
altered microstructure (nanocrystallinity), hydrogen mediated superconductivity
or potential hydrogen storage capabilities. Furthermore, theory predicts that
hydrogen confined in a host matrix might undergo the elusive transition to a
metallic groundstate at considerably lower pressures than pure hydrogen. Most
d-metals have been found to exhibit hydride phases at extended conditions of
pressure and temperature. However, besides rhenium, the 6" row metals between
tungsten and gold, as well as silver, have not or only very recently been found to
form bulk hydrides. In the course of this PhD-thesis, several of the missing metal-
hydrides were successfully synthesized in the diamond anvil cell and characterized

by in-situ x-ray diffraction using synchrotron radiation.
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Chapter 1

Introduction

1.1 Introduction and Motivation

The development of a sustainable and environmentally sound energy source is
seen by many as one of the most important present-day challenges with electricity
generation in hydrogen fuel-cells being a very promising option, in particular in
the e-mobility sector [Ziittel 04, Sakintuna 07, Jain 10]. However, although fuel-
cell technology is readily available, a suitable hydrogen storage method has yet
to be developed. Since pure liquid hydrogen is deemed too dangerous and too
difficult to handle for mass-use, research and development concentrates on solid
storage materials [Bowman Jr. 02]. The US Department of Energy has published
a long-term goal for what is supposed to be a practical and commercially viable
storage material (see e.g. [Sakintuna 07]): The material in question should
exhibit at least 6.5 weight% hydrogen and should make 65g of hydrogen available
per liter. Furthermore, decomposition (i.e. the emission of pure hydrogen)
should take place at accessible temperatures between 60 °C and 120 °C. For
commercial use, the hydrogenation process should take place at industrially
viable conditions of pressure and temperature (or under otherwise accessible
non-equilibrium conditions). Here, the metal hydrides play an important role.
Interesting candidates are binary metal-hydrogen alloys based on low-weight
metals, such as magnesium [Herranz 10] or titanium [Kalita 08]. Magnesium
hydride (MgHs) exhibits promising properties with a high weight-percentage of
7.6%, double volumetric hydrogen density compared to liquid hydrogen and low-

cost base material [Herranz 10]. However, commercial use is yet prohibited by
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the very slow hydrogenation-dehydrogenation process and the too high pressures
and temperatures under which it occurs [Jain 10]. Hydrides of magnesium-
metal alloys have been investigated to the same end but had to conclude that
equilibrium synthesis happens at even more extreme conditions reaching pressures

of 4 GPa, inaccessible by large industrial-scale processes [Moser 09].

High-pressure techniques play an important role in the development of
hydrogen storage materials and in general in research on hydrogen compounds.
In fact, it is research on pure hydrogen that has driven the development of
techniques and instrumentation in high-pressure research for the past almost 80
years since the original postulate of a metallic groundstate of hydrogen by Wigner
and Huntington in 1935 [Wigner 35] (see chapter 2.1). The prospect of metallic
hydrogen potentially being a high-temperature superconductor [Ashcroft 68] and
the possibility to reach metallization at lower pressures for hydrogen confined in
metal host matrices [Ashcroft 04] further fueled research in this area. Thus, the
metal hydrides do not only play an important role in the development of hydrogen
storage materials but also in the study of the properties of pure hydrogen. Of
further interest in this respect are also the alkali metals, in particular lithium as
the lightest. In fact it was found that lithium hydride with high hydrogen content
might form a metallic hydrogen sublattice at accessible pressures of around 150
GPa [Zurek 09]. Unfortunately, these findings are so far only theoretical and were
not yet confirmed experimentally. An experimental review of the alkali-hydrogen
systems is given in [George 10]. Meanwhile, the search for metallic hydrogen
continues and a recent breakthrough was achieved with the discovery of phase IV

of solid hydrogen [Howie 12] at pressures above 220 GPa.

High-pressure research is a broad and interdisciplinary field ranging from
industrial applications (such as hydrogen storage materials) to fundamental
research (properties of free hydrogen), including research aresas as diverse as
geophysics, planetary science, even food science and of course material science.
High-pressure synthesis has been used to create a plethora of novel compounds,
some with highly interesting properties. Since the early 20*" century, the synthesis
of ammonia at high pressures and temperatures (Haber-Bosch process) is one of

the most important industrial applications of extreme conditions. Diamond is
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another example of a very useful material, synthesized under extreme conditions
of pressure and temperature, but also cubic boron nitride (c-BN) has become
an industrial material of choice for superhard abrasives [McMillan 02]. Platinum
nitride further serves as a good example of a material synthesized at very high
pressures (above 50 GPa) and temperatures, which can be quenched to ambient
conditions [Gregoryanz 04, Solozhenko 05]. A review on this matter is given in
[Brazhkin 07], where the superhard materials synthesized at extreme conditions
are described as “real treasures of today’s industry”. One of the main problems
with high-pressure synthesis is in many cases the extremely small quantity of
substance produced, in particular when pressures above ~10 GPa (the limit of
the large-volume press) are necessary. However, high-pressure synthesis refers
to the formation of a material under thermodynamic equilibrium conditions.
Once the formation mechanism is understood, non-equilibrium techniques can
be developed to synthesize a material in larger quantities. The prime example is

artificial diamond formed by chemical vapor deposition (CVD-diamond).

The interest in new materials synthesized at extreme conditions is not only
limited to hydrogen storage materials, metallic hydrogen or superhard materials
- although nowadays these fields seem to occupy the majority of research
groups. Highly interesting fields are the search for novel superconductors or the
development of specific nanomaterials (such as graphane, the hydride of graphene
[Elias 09]). Many of the superconducting elements undergo the transition only at
high pressures, with the latest addition being europium at pressures exceeding 80
GPa [Debessai 09]. An earlier review (not yet including europium) can be found
in [Buzea 05]. Apart from the search for superconducting hydrogen, the metal
hydrides themselves sometimes show interesting superconducting behaviour. Pal-
ladium for example is only superconducting in the milli-Kelvin regime. Palladium
hydride on the other side exhibits a hydrogen-content dependent transition
temperature of up to 11 K, an effect that led to speculations (and a dispute in the
research community) whether over-stoichiometric palladium hydride might be a
high-temperature superconductor [Tripodi 04, Baranowski 07, Tripodi 09]. This
idea even led to a patent application for high-T. superconductors [Tripodi 06].
The accuracy of these speculations is questionable. So far, only slightly

overstoichiometric palladium hydride has been produced using surface layer ion
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implantation which was not sufficient to test this hypothesis. Could palladium
incorporate a higher hydrogen content at extreme pressures? Another metal
in the same group of elements might show a similar behaviour: We have
shown in [Scheler 11b] that superconductivity previously attributed to silane
in [Eremets 08] can in fact be attributed to platinum hydride, with a critical
temperature even surpassing that of palladium hydride. However, this has not
yet been verified experimentally. A review on superconductivity in the metal
hydrides is given in [Bashkin 03]. More than 20 years ago, palladium hydride (in
fact, palladium deuteride) was, rather interestingly, treated as a candidate for cold
fusion under pressure [Baranowski 90], a truly intriguing prospect. Unfortunately

(and predictably), this was not confirmed and research quickly moved away.

In summary, research on metal hydrogen systems at extreme pressures
targets a variety of different aspects, ranging from potential hydrogen storage
materials to the elusive metallic (superconducting) ground state of hydrogen,
superhard materials and novel superconductors. Naturally, these prospects led
to almost ubiquitous interest in metal hydrides in the past. However, only recent
advancements in experimental techniques, such as advances in diamond anvil
cell technology, access to 3™ generation synchrotron radiation sources with fast
large area detectors or the availability of lab-based fast Raman systems (owing
to the development of notch filters, compact laser sources and in particular high-
sensitivity CCD detectors), made it possible to explore materials at extended
PT-conditions. Due to its significance for geophysics, iron hydride was the first
metal hydride studied at very high pressures in the diamond anvil cell in 1991
[Badding 91]. Most of the previous work on metal hydrogen systems was carried
out employing the large volume press at pressures below 10 GPa and usually
always at high temperatures. Moreover, in-situ studies were almost impossible
(apart from resistivity measurements) and most information was gained from
quenched samples (see e.g. the reviews in [Antonov 02] or [Fukai 05]). In the
diamond anvil cell, in-situ studies of metal hydrides were possible for the first

time.

As of 2010 (before this work), the hydrides of iridium, osmium and silver have

never been described. Platinum and tungsten hydride were known to exist but
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their properties remained unstudied. Rhenium hydride was widely accepted to
be fully understood while the equilibrium synthesis of hexagonal copper hydride
(despite being known for a very long time) was never demonstrated. The
syntheses of cubic copper hydride [Burtovyy 04] and gold hydride [Antonov 82]
have never been repeated. This thesis aims at filling these remaining gaps
concerning the metal hydrides and to provide a basis on which further research
on these systems can build. The hydrides of platinum and tungsten have been
studied in detail, new phases of rhenium hydride and copper hydride were
discovered and the hydride of iridium was described for the first time. Even
at very high pressures, no signs of hydrogenation of osmium, silver and gold were

found.

1.2 Thesis Outline

This thesis is divided into three main parts:

Chapter 2 serves as an introduction to free hydrogen (brief), metal-hydrogen
systems and in particular as a review of the group-6 to -11 d-metal hydrides.
The review briefly summarizes the most important properties and characteristics
of this group of binary hydrogen alloys. It aims to be a general review that
encompasses not only the systems studied in this thesis but also materials not
investigated for reasons of completeness and comparison. This is also intended
to bring the results of this work, in particular the pressure ranges accessed, into

perspective.

Chapter 3 gives general background information on techniques and methods
used in this thesis: The high-pressure techniques of the diamond anvil cell,
pressure gauges and synchrotron based x-ray diffraction. Supplementary tech-
niques, such as Raman spectroscopy, electron microscopy and focused ion beam
techniques are briefly introduced but not discussed in detail since they did not
form a major component of this work. Neutron techniques are mentioned for
completeness although no neutron experiments were carried out. This is mainly

due to the lower accessible pressures by neutron techniques.
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Chapter 4 presents the main results of this thesis. The chapter is divided into
sections corresponding to the investigated metal-hydrogen system. The sections
are ordered chronologically, .e. experiments carried out earlier are presented in

the beginning of the chapter. The main results are:

Platinum hydride (chapter 4.1): The formation of PtH was confirmed to take
place at 27 GPa and room temperature. The structure was found to be
hexagonally closed-packed with hydrogen atoms occupying every octahedral
interstitial site. The equation of state was measured up to 55 GPa and a
bulk modulus slightly higher than that of pure platinum was found. A second
complex phase was found to exist in parallel to the hexagonal phase. However,
the synthesis of this phase is not easily reproducible and a more accurate
characterization was not possible. This work also shed light on the dispute

around the formation of superconducting silane, reported in 2008. This work
was published in [Scheler 11b].

Rhenium hydride (chapter 4.2): Rhenium hydride was found to undergo an
isomorphous phase transition from the anti-Cdly- to the NiAs-type structure
when heated to temperatures above 150 °C at pressures around 20 GPa. The new
phase showed an increase in hydrogen content with increasing pressure. Though
no fully stoichiometric ReH was observed in the experiments, its formation can

be expected at pressures above 50 GPa. This work was published in [Scheler 11a].

Tungsten hydride (chapter 4.3): Synthesis of tungsten hydride was confirmed
at 25 GPa and room temperature, conditions similar to platinum hydride, and
decomposition was reproducibly observed below 8 GPa. However, it was found
that the formation progresses very slowly and requires several days for the
material to fully transform. A TEM study on recovered material revealed a
nanocrystalline microstructure with elongated crystallites of ~20 nm in diameter.
The equation of state was measured up to 115 GPa and upon initial analysis
yielded a surprisingly high bulk modulus of near 500 GPa. However, additional
ab-initio calculations revealed that the hydrogen content in tungsten hydride

increases to values greater than 1 at pressures above 25 GPa, an effect that can
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be mistaken for reduced compressibility. At the time of writing, a publication of

these results is submitted for publication and under review.

Iridium hydride (chapter 4.4): Iridium hydride was discovered at pressures above
55 GPa. At room temperature, the formation progresses very slowly and even
after 3 weeks at pressures above 100 GPa, the sample was not fully converted.
Laser heating facilitates rapid synthesis. The hydride was found to be of non-
interstitial nature with a very high hydrogen content of 3 H-atoms per Ir-atom.
The equation of state was measured to 125 GPa and revealed a bulk modulus
around 50% lower than pure iridium. This is attributed to the hydrogen-metal
interaction. Onset of decomposition can be observed at pressures below 16 GPa
but the hydride remained visible to 6 GPa. It is speculated that the material can
be quenched to ambient pressure at low temperatures. At the time of writing, a

publication of these results is submitted for publication and under review.

Copper hydride (chapter 4.5): Although copper hydride can be formed chemically
at ambient conditions, no high-pressure synthesis of the hexagonal phase of copper
hydride has been reported so far. In high-pressure experiments up to 50 GPa, a
novel hexagonal phase of copper hydride was discovered. The new phase appears
to have the stoichiometry CusH with hydrogen occupying layers in the metal host
matrix, equivalent to the anti-Cdly structure which is also seen in several other
hydrides. Furthermore, we observed the formation of cubic copper hydride from
dehydrogenated copper. At the time of writing, a publication of these results
is accepted for publication [Donnerer 13]. The results are only described briefly
since they form a major part of the master thesis of C. Donnerer who carried out

large parts of the data analysis.

Other metals (chapter 4.6): No hydride phases were found for osmium and silver
at pressures up to 87 GPa and gold at pressures up to 115 GPa, extending the
experimentally known exclusion zone for hydride formation. Additionally, the
application of high temperature (by external or laser heating) at high pressures

did not induce the formation of a hydride in these materials.

Chapter 5 summarizes the main results but also puts forward questions arisen
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and prospects for further investigations. Most of the systems described in this
thesis are not yet fully understood or characterized and require more detailed

experiments, in particular targeting the electronic properties.



Chapter 2

The Metal-Hydrogen System

2.1 Properties of Free Hydrogen

Hydrogen is the simplest and most abundant element in the universe and exists in
the three isotopes protium, deuterium and tritium. In this thesis, only protium
was used, and therefore this introduction will also concentrate on the aspects
of this, the lightest isotope. To avoid confusion in nomenclature, any reference
to hydrogen in this thesis generally refers to protium, unless otherwise stated.
Under ambient conditions of pressure and temperature, hydrogen exists in the
molecular state. Table 2.1 gives an overview over the most important properties

of molecular hydrogen [Fukai 05]:

Table 2.1: Important properties of the hydrogen molecule

Property Value

Binding Energy [eV] 4.748
Dissociation Energy [eV] 4.476
Vibrational Energy [eV] 0.516
Rotational Energy [eV]  7.32-1073
Bond length [A] 0.7416
Bohr radius (atom) [A]  0.529

Due to the large energy of the vibrational movement, most molecules are in
the ground state at moderate temperatures below 2000 K [Fukai 05]. For the

rotational movement, one has to distinguish between ortho- and para-hydrogen:
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The corresponding rotational modes of the two species are of different energy
levels which can be clearly seen in a typical Raman spectrum of hydrogen (see
Figure 2.1). At room temperature, approximately 75% belong to ortho- and
25% to para-hydrogen species (referred to as “normal hydrogen”). At room
temperature, it solidifies in the orientationally disordered phase I (hep structure)
at pressures above ~5 GPa [Hazen 87|. The equation of state of solid hydrogen

is shown in Figure 3.5.

5,(1)
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Figure 2.1: Raman spectrum of hydrogen at ~5 GPa (fluid state) in a diamond
anvil cell. The peaks denoted D; and Dy are first and second order diamond
Raman peaks (see chapter 3.2). The hydrogen rotons are seen at Raman shifts
below Dy (S,(1) and S,(3) belong to otho-, S,(0) and S,(2) to para-hydrogen),
the main hydrogen vibron mode v, at shifts above 4000 cm~!. Data courtesy of
R. Howie.

Hydrogen has always been a playground for advances in Physics, owing in
parts to its apparent simplicity and status as a model system. In other parts
advances were driven by one of the most intriguing and influencing predictions
of the last century. In 1935, Wigner and Huntington speculated on a metallic
modification of hydrogen [Wigner 35|, which they predicted would emerge in

dense solid hydrogen at pressures above 25 GPa. These pressures were out of
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the scope of the techniques available at the time, but the prospect of achieving
the metallic ground state fueled further development of high-pressure techniques.
In 1968, a theoretical study by N.W. Ashcroft further speculated that the metallic
ground state might be a high-temperature, maybe even a room-temperature
superconductor [Ashcroft 68]. Further theoretical work on the properties of
metallic hydrogen followed [Bovman 72a, Boviman 72b]. However, the originally
predicted metallization pressures were found to be too low and no transition
into a metallic and/or atomic state was observed at pressures up to 109 GPa
[Loubeyre 96]. In the same year, 1996, shockwave experiments on fluid molecular
hydrogen revealed a metallic behaviour at above 140 Gpa and temperatures of
3000 K [Weir 96]. To date metallic hydrogen at static compression and room
temperature remains elusive. More recently, it was proposed that hydrogen
confined in a host environment might undergo the insulator-metal transition
at considerably lower and experimentally accessible pressures [Ashcroft 04]. In
particular, chemical pre-compression of hydrogen in a metallic environment might
lower the metallization pressure to pressures easily accessible by diamond anvil
cell techniques. At the same time, further modifications of the ground state
were suggested and a superconductor to superfluid transition was proposed
[Babaev 04, Babaev 05], though these were still out of experimental reach.
Therefore, experimentalists turned to Ashcroft’s prediction of the possibility to
metallize hydrogen as a constituent of a hydrogen-rich alloy. In 2008, Eremets
et al. produced experimental evidence for apparently superconducting silane
(SiH4) at pressures above 50 GPa [Eremets 08]. They attributed the observed
superconductivity to a hexagonal modification of silane with exceptionally high
hydrogen density. It quickly became clear however, that silane could not be
responsible for the observed behaviour since it readily decomposes at these
pressures [Degtyareva 09]. This led to the assumption that a different material
formed inside the sample volume, which in turn led to the discovery and

characterization of platinum hydride [Scheler 11b] (see chapter 4.1).

Obviously, the search for the elusive metallic state and the quest to reach ever
higher static compressions in hydrogen brought with it a plethora of discoveries

regarding the properties of free hydrogen. The following paragraph is intended
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to give a brief overview of the developments of the past two decades and the
current state of knowledge. In 1992 it was established that the Raman shift
of the hydrogen vibron exhibited a maximum at approximately 35 GPa and
would decrease at higher pressures [Brown 92]. This behaviour is interpreted
as a weakening of the molecular bond and hence an indicator for the transition
into the atomic state. The dependency of the vibron frequency on pressure
can be used as a pressure scale, which is discussed in detail in chapter 3.2. In
further experiments, the compressibility of solid hydrogen was measured up to
109 GPa [Loubeyre 96], which has important implications for estimates of the
metallization pressure. The equation of state established in this study is still
used as a pressure reference during x-ray diffraction experiments (see chapter
3.2). In 2002, hydrogen was compressed to above 300 GPa for the first time,
albeit at low temperatures (100 K) [Loubeyre 02]. It was found that the vibron
signature (and hence the molecular state) of hydrogen was visible up to the
highest pressures. Optical absorption spectroscopy indicated beginning closure
of the electronic bandgap. Loubeyre et al. extrapolated the observed trend and
found bandgap closure and therefore metallization to occur at approximately 450
GPa, yet out of reach of static compression techniques. In 2003 the melting
curve was measured up to 140 GPa and a distinct weakening of the molecular
bond was found [Gregoryanz 03]. Most recently, the transition into phase IV of
solid hydrogen was discovered at pressures above 220 GPa and room temperature
[Howie 12]. A number of problems complicate optical measurements at very high
pressures and room temperature; first and foremost however, the reactivity of
hydrogen with the sample environment (diamond anvils, gasket and pressure
calibrant) is the main reason for limiting previous experiments to ~250 GPa
[Loubeyre 02]. Figure 2.2 shows the current state of knowledge of the phase
diagram of hydrogen. For further details the reader is referred to the PhD thesis
by R. Howie (Edinburgh University 2013).

12
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Figure 2.2: PT-Phase-diagram of hydrogen (see [Howie 12] and references therein
(annexed to this thesis)). The thick solid line denotes the proposed melting
curve. Coloured dashed lines with open triangles and crosses are theoretical
transition boundaries between the molecular and atomic state. Thin solid lines
are established phase boundaries between solid phases I, IT and III. Thin dashed
lines are the recently proposed phase boundaries including phase IV.

2.2 Hydrogen in Host Matrices

Hydrogen shows several very interesting reaction properties which are in many
cases due to two distinct characteristics: i) Medium electronegativity and ii)
small size [Fukai 05]. The small size of the hydrogen atom enables it to occupy
small interstitial sites in metallic lattices. In effect, the conduction electrons of
the surrounding metal screen the hydrogen nucleus (a single proton) so that it
appears as a neutral atom. The medium electronegativity value of 2.2 on the
other hand, describing the potential to attract an electron from a neutral atom,
means that hydrogen is capable of forming various bonds with other elements
[Gao 12]. Thus, hydrogen shows very high reactivity with many elements, even

at lower temperatures. Depending on the electronegativity of the other element,
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hydrogen may form ionic compounds (smaller electronegativity, e.g. with the
alkali elements) or hydrogen-bonded compounds (larger electronegativity, e.g.
the halogens). With the light group [-IV simple metals and the group III-V
non-metallic elements showing comparable electronegativity, hydrogen can form
covalently bonded crystals. With most heavier simple metals, hydrogen does not
react [Fukai 05]. Of particular interest is the remaining group of the d-metals,
lanthanides and actinides which have comparable electronegativity. Most of the
electropositive elements in this group, the lanthanides and actinides as well as
the members of the Ti- and Vd-group, readily react with hydrogen at ambient
conditions (see e.g. [Kalita 08, Fukizawa 83]). However, a significant “hydride
gap” is evident covering the row 4-6 elements between the Cr-group (6) and Cu-
group (11) metals [Ziittel 04]. These elements show a similar electronegativity
as hydrogen (e.g. 2.2 for ruthenium, palladium, osmium and iridium, 2.28 for
platinum and 2.54 for gold) [Gao 12]. Since reaction with hydrogen is chemically
unfavourable for the late transition metals (in particular the noble metals), they
are not found to form bulk hydrides at ambient conditions. High pressure causes
a steep increase of the chemical potential of hydrogen and thus, most of these
elements do react with hydrogen at certain conditions [Gao 12]. Nevertheless,
there still remain a few metals (notably many of the noble metals) which have
not been observed to form a compound with hydrogen. Figure 2.3 shows an

overview of group 6-11 d-metals and indicates the known reactions with hydrogen.

Hydrogen may form interstitial metallic hydrides with these elements, al-
though in most cases, high pressure and temperature is necessary to facilitate
the reaction. Section 2.3 gives a comprehensive review of the d-metal hydrides.
This section aims at giving a brief introduction to the formation mechanisms and
the general properties of interstitial metal hydrides. A more detailed overview
can be found in [Fukai 05]. In the following, the term metal hydride generally

refers to interstitial metallic hydrides, unless otherwise stated.

Most metal hydrides exhibit metallic bonding and exist over a wide range of
stoichiometries. The composition, sometimes also referred to as the hydrogen
solubility or hydrogen content z, is defined as the hydrogen to metal atomic

ratio. In some cases, the metal lattice undergoes a structural phase transition
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Figure 2.3: The Cr-group to Cu-group elements and their reactions with hydrogen
(arrows). a denotes a bee configuration, € an hep and «y an fee configuration. Fully
green fields denote the formation of a stoichiometric hydride. Ruthenium is only
known to form a substoichiometric hydride with low hydrogen content, while no
hydride phases are known for silver and osmium. The existence of a hydride
phase in gold is in dispute (see chapter 2.3). The blue frame indicates the scope
of the present work, i.e. elements investigated during the course of this thesis.
For comparison, the state of knowledge prior to this work is included next to the
respective symbols.

to accommodate interstitial hydrogen atoms. The resulting hydrides are usually
fully stoichiometric (i.e. o = 1 or x = 2). Where the hydrogen atoms are
directly incorporated into the metal lattice without the necessity for a structural
change, x can be regarded as a variable dependent on the external conditions.
For example, in palladium and rhenium, the hydrogen content depends on the
applied pressure (see below). Generally, interstitial hydrogen can be regarded as
a solid solution confined in a host matrix [Fukai 05]. Most of the metal lattices
form closed-packed structures (fcc or hep) which offer octahedral and tetrahedral
interstitial sites which can be occupied by the hydrogen atoms [Ziittel 04]. Tt
was found by neutron diffraction that, in most d-metals, hydrogen occupies the

octahedral sites [Somenkov 87].
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The reaction of a hydrogen molecule with a host metal can be understood
in terms of the simplified Lennard-Jones potential [Ziittel 04]. At sufficiently
small distances from the metal surface the hydrogen molecule feels an attractive
force in form of a Van-der-Waals interaction. This leads to the molecule being
physisorbed at the metal surface at a distance of approximately the radius of
the hydrogen molecule. In experiments on hydride formation in the 1980s, the
hydrogen content was often measured using mass-spectroscopic techniques during
decomposition (see e.g. [Antonov 82, Antonov 83, Antonov 84, Antonov 87]).
In some cases, low hydrogen contents were measured (e.g. in Ru and Os
[Ponyatovsky 84, Antonov 04]) and attributed to low hydrogen solubilities in the
metal lattices. It is more likely that comparably large amounts of hydrogen
were physisorbed on the metal surface during the experiments (usually at high
pressures and high temperatures) and desorbed at ambient conditions. In
these instances, no actual metallic hydride was formed. In order to leave the
physisorbed state and get closer to the metal, the hydrogen molecule has to
overcome the dissociation barrier which in turn depends on the surface elements.
Once dissociated, the hydrogen atom shares an electron with one of the host
metal atoms and enters the chemisorbed state [Ziittel 04]. In this state, the
hydrogen atoms show high mobility and form surface compounds at sufficiently
high concentrations. In the next step, the atoms can penetrate the bulk material
and diffuse deeper into the lattice, occupying interstitial sites. The duration of
this diffusion process is governed by prevailing kinetics which may be extremely
slow at the experimentally accessible temperatures [Antonov 84]. For that reason,
in many early synthesis-attempts the samples were subjected to high pressures
and high temperatures for up to 24 hours before quenching to ambient pressure
and liquid nitrogen temperatures [Antonov 84]. Due to sharing their valence
electron with the metal atoms, the presence of hydrogen influences the band
structure of the host lattice. In particular, it has been shown that the filling of the
metal d-band increases by 0.5 and it is expected that the s-band filling increases
by the same amount [Degtyareva 03]. By comparing the increase in atomic
volume along the post-transition elements one derives a volume difference of
AV ~ 4 A? per s-clectron, called the valence electron volume [Degtyareva 03]. If
the s-band filling increases by ~0.5, a volume increase of ~2 A3 could be expected.

Indeed, it was found that the hydrogenation process causes a measurable volume
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increase of the metal lattice by 2-3 A3 per hydrogen atom [Antonov 02, Fukai 05].
Due to that volume increase, a significant amount of stress is built up at the phase
boundary between the hydrogenated and non-hydrogenated parts of the metal
lattice. This stress is sometimes released by a decrepitation of microcrystalline
host material or the nucleation of very small crystallites. On a larger scale this
effect is known as hydrogen embrittlement [Ziittel 04], although this term is not
commonly used in experiments at extreme conditions due to the small amounts
of material involved. However, a similar effect was observed during the formation
and decomposition of tungsten hydride (see chapter 4.3). It has been shown
that the volume expansion due to hydrogenation is directly proportional to the
hydrogen solubility = [Ponyatovsky 84, Fukai 05]. This effect is used as an in-situ
technique to determine the hydrogen content in x-ray diffraction experiments (see

chapter 3.3.3).

One technique to overcome the dissociation barrier at the metal surface
is compression to high hydrogen densities!, where the chemical potential rises
steeply [Filipek 07]. Accordingly, most d-metals form hydride phases directly
form the elements at varying hydrogen pressures ranging from just under 0.1
MPa in palladium to 27 GPa in platinum and even 55 GPa in iridium (although
the structure of iridium hydride is different from any other metal hydride in
this group) [Filipek 07, Scheler 11b]. It was also found that, once the hydride is
formed, the interstitial hydrogen is almost incompressible in most cases [Fukai 05].
This is evident from measurements of the equations of state which in most
cases are equivalent to the parent material, only shifted up in volume by 2-3 A3
[Filipek 07]. The first studies on the equilibrium synthesis of metal hydrides at
extreme conditions were conducted by Baranowski et al. more than 50 years ago
(see review in [Baranowski 05]). However, the experimentally accessible pressures
were limited to 0.3 GPa. A large amount of experimental work on the high-
pressure synthesis of d-metal hydrides was accomplished in the 1980s by a Russian
group around V.E. Antonov (for a review see [Antonov 02]). Using a large volume
press and an in-situ hydrogen source, pressures up to 9 GPa could be reached.
Unfortunately, in order to release hydrogen by decomposition of the source

material (usually AlHj, for a review of this material, see e.g. [Saitoh 08]), high

IThe others being non-equilibrium techniques such as plasma sputtering, chemical vapor
deposition or electrochemical synthesis. These techniques are not discussed in this thesis.
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temperatures were always necessary. Their results form the foundation for the
more recent studies on metal hydrogen systems. Diamond anvil cell technology
(see chapter 3.1) has been used for the synthesis and study of metal hydrides since
the mid 1990s and advances in diagnostic techniques (such as holographic notch
filters, fast CCD’s and third generation synchrotron radiation sources) made it
possible in recent years to study these systems at pressures exceeding 100 GPa.
On decompression, most metal hydrides synthesized at high pressures show a
significant hysteresis effect, i.e. the decomposition pressure can be substantially
lower than the synthesis pressure. This leaves it experimentally difficult to
determine the equilibrium pressure of a hydride phase. It is an ongoing debate
for the past decades whether the equilibrium pressure should be assumed closer
to the decomposition pressure, the synthesis pressure or in between [Antonov 04].
In the past few years, experimental evidence points towards the conclusion,
that the thermodynamic equilibrium can be found closer to the decomposition
pressure. Antonov et al. give a phenomenological explanation for the observed
hysteresis and the point of equilibrium [Antonov 04]: The large volume expansion
during hydrogenation necessitates a macroscopic material flux perpendicular to
the hydride phase boundary. This in turn requires elastic forces comparable to
the yield strength of the material. In contrast, decomposition usually occurs
by precipitation of hydrogen-depleted material of smaller volume. While this
process is still considered a theory, our observations of the hydrogenation-
dehydrogenation process in tungsten hydride strongly support this idea (see
chapter 4.3). Therefore, the assumption of thermodynamic equilibrium close

to decomposition conditions is adopted throughout this work.

It is widely accepted that the presence of interstitial hydrogen does not
significantly influence the electronic or mechanical properties of the metal
host lattice. Small changes to the resistivity are typical (and in fact were
used in the large volume press to measure hydride synthesis) [Antonov 84].
However, hydrogen mediated superconductivity is found in several metal hydrides.
First and foremost, the palladium-hydrogen system has been under thorough
investigation since an increase in the superconducting transition temperature 7,
by 4 orders of magnitude upon hydrogenation was found [Bashkin 03]. After the

discovery of superconductivity in Pd-H in the 1970s however, no further examples
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were found in the d-metals at near ambient conditions. In 1985, superconducting
phases were discovered in the titanium-hydrogen system at pressures above 4 GPa
[Bashkin 03]. In contrast, in rhenium a decrease in 7, dependent on the hydrogen
content was discovered, reaching -5K/H-atom. Platinum hydride is another
candidate for hydrogen mediated superconductivity at very high pressures, with
T. possibly exceeding that of palladium hydride [Scheler 11b]. More interestingly,
in the late 1980s and early 1990s theories about cold fusion reached the metal
hydrides and it was speculated that metal deuterides might exhibit direct fusion
when compressed in a metal lattice [Baranowski 90]. However, none of these
theories were ever successfully proven experimentally. Although hydrogen is
usually assumed to be almost incompressible when confined in metal lattices,
a few exceptions exist. Hexagonal copper hydride is known to exhibit a reduced
bulk modulus and during the course of this thesis it was found that also iridium
hydride is much more compressible than the parent metal (see chapter 4.4). This
is thought to be caused by the unusual structure: Hydrogen does not occupy the
usual interstitial sites since the metal matrix transformed into a distorted simple

cubic phase.

2.3 Transition Metal-Hydrides: A Review

The following section reviews the available literature on the metal hydrides of
the group 6-11 transition metals (see also Figure 2.3). In the cases of platinum,
rhenium, tungsten, iridium and copper, significant progress has been achieved
in the course of this thesis and the results are discussed in the corresponding
sections in chapter 4. Table 2.2 at the end of this chapter summarizes some of

the most important properties of the group 6-11 metal hydrides.

A) Group 6: Chromium, Molybdenum, Tungsten
A-i) Chromium

Chromium exists in the bce configuration and exhibits a small solubility of

hydrogen at ambient conditions. Near stoichiometric chromium hydride can be
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synthesized either by electrochemical co-deposition of chromium and hydrogen
or at high hydrogen pressures [Baranowski 72]. The synthesis pressure depends
on the temperature and ranges from <0.2 GPa at room temperature to ~1.8
GPa at 700 K [Baranowski 72, Ponyatovsky 84]. Upon hydrogenation, the
metal undergoes a structural phase transition into the hep phase with hydrogen
atoms occupying the octahedral interstitial sites. This is equivalent to the
NiAs-type structure which is common amongst the d-metal hydrides and is
commonly referred to as the e-phase [Antonov 02]. At T ~ 80 K and atmospheric
pressure, the lattice parameters of stoichiometric e-CrH were determined as
a = 2717 A, ¢ = 4.436 A [Ponyatovsky 84]. Interestingly, a second hydride
phase, the fec y-modification, can be produced electrolytically, but does not form
under equilibrium conditions [Antonov 07]. ~«-CrH has a lattice parameter of
a = 3.854 A. A strong hysteresis effect between formation and decomposition
pressure has been observed. It was speculated that this hysteresis is caused by
the elastic stress built up during hydride formation [Ponyatovsky 84]. Thus,
the equilibrium pressure separating the hydride phase from the pure metal
phase should be close to the decomposition pressure. The bulk modulus of
stoichiometric CrH is By = 240 &£ 7 GPa (B’ = 5.3), equivalent to that of pure

Cr to within the error of the measurement [Filipek 07].

A-1i) Molybdenum

Molybdenum shows similar behaviour to chromium, although the pressures
required for synthesis are significantly higher at 3-4 GPa (almost constant with
temperature between 400 and 700 K) [Ponyatovsky 84]. The hydride exhibits near
stoichiometric composition and hydride formation is accompanied by a structural
phase transition in the metal lattice from the bee to the hep e-phase [Antonov 02].
It also shows a large hysteresis between formation and decomposition. At
temperatures below 100 °C, the decomposition pressures can be as low as 0.5 GPa
[Antonov 04]. Molybdenum metal at ambient conditions has a lattice parameter
of a = 3.147 A. The stoichiometric e-hydride was measured to have a = 2.937 A,
¢ = 4.758 A [Somenkov 87].

A-iii) Tungsten

By means of large-volume-press techniques (i.e pressures below 9 GPa and
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high temperatures), no measurable formation of a hydride phase was observed
[Ponyatovsky 84, Antonov 02]. However, a drastic change in the diffraction
pattern of tungsten in a dense hydrogen medium was observed at pressures
above 25 GPa and room temperature [Kawamura 05]. Apart from the metal
host structure (hep), no further properties, such as hydrogen content, mechanical
or electronic properties were investigated. At the same time as our work
was carried out, Zaleski-Ejgierd et al. published a thorough theoretical study
on tungsten hydride, in particular targeting higher hydrogen concentrations
[Zaleski-Ejgierd 12].  Their work was motivated by the observation of the
formation of tungsten hydride in experiments on silane at high pressures
[Strobel 09]. Several structures with stoichiometries up to WHg were predicted
but only the hexagonal ¢ modification was experimentally found. Our findings,
in particular the change in stoichiometry (fractional synthesis of WHy) and the

formation of a nanomaterial are discussed in detail in chapter 4.3.

B) Group 7: Manganese, Technetium, Rhenium

B-i) Manganese

Manganese exists in various configurations at ambient pressures, amongst others
the fec v-Mn and bee 6-Mn. At high pressures (p>0.4 GPa) it forms a hydride
with substoichiometric hydrogen contents ranging from x = 0.65 to z = 0.96
in the hep e-phase [Antonov 02]. This hydride is stable when quenching to
ambient conditions, but decomposes at temperatures exceeding 500 K. At T>700
K, the decomposition pressure approaches the synthesis pressure at close to 1
GPa [Ponyatovsky 84]. At these temperatures and pressures above 1 GPa, it
also forms a y-hydride phase with x < 0.5 and at pressures below 1 GPa solid
solutions of hydrogen in the o and [ modifications of Mn. In the e¢ phase the
hydrogen sublattice forms a superstructure similar to the anti-CdI, type structure
in which hydrogen occupies distinct intermediate layers in the metal host lattice
[Antonov 02]. At hydrogen contents of x > 0.83, the layered structure breaks
up and the hydride undergoes an isomorphic phase transition into a deficient
NiAs type structure where the hydrogen atoms are randomly distributed over

the available octahedral interstitial sites. At ambient conditions, the lattice
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parameters of the near stoichiometric hydride (x ~ 0.95) were measured to be
a =270 A, ¢ = 4.37 A [Ponyatovsky 84]. Depending on the hydrogen content
and structural modification, the hydride phases of Mn show slightly different
bulk moduli compared to pure Mn: Pure (o) Mn has By = 104.1 &+ 12 GPa and
B’ = 13.34+3.8. e-Mn-H with 2 = 0.84 was measured to have By = 92.74+8.1 GPa
and B’ = 8.77 + 1.78, while for 4-Mn-H with x = 0.64 values of By = 84.1 + 9.6
and B’ = 8.77 were found [Filipek 07]. However, the large B’ are quite unusual

and these results should be treated with caution.

B-ii) Technetium

At pressures above 0.2 GPa, technetium forms the first (¢;) of two known
hydride phases by undergoing an isomorphous phase transition and incorporating
hydrogen atoms into the octahedral interstitial sites of the hcp lattice. The
hydrogen content reaches x = 0.5 by 0.7 GPa. At P~1 GPa, the ¢; — €5 transition
occurs and hydrogen content increases to x ~ 0.8 at 2 GPa [Antonov 02]. Both
hydride phases are stable at ambient conditions with slightly reduced hydrogen
content. Decomposition occurs when heating to above 350 K [Ponyatovsky 84].
The €;-phase with  ~ 0.45 exhibits the layered anti-Cdly structure while the
€o-phase stabilizes with x ~ 0.7 in a deficient NiAs-type structure. Technetium is
superconducting with 7, ~ 7.85 K. In contrast to palladium, increasing hydrogen
content caused a decrease in critical temperature to below 1.5 K at x > 0.2
[Bashkin 03]. Interestingly, on cooling down, two steps in magnetic susceptibility
characteristic for a superconducting phase transition were observed. This was
interpreted as the coexistence of two hydride phases with different 7. [Bashkin 03].
The pure hep phase of Tc has lattice parameters of @ = 2.740 A, ¢ = 4.397 A. For
the compositions z = 0.69 and x = 0.45, the lattice parameters were measured
to be a = 2.838 A, ¢ = 4.465 A and a = 2.801 A, ¢ = 4.454 A, respectively
[Somenkov 87].

B-iii) Rhenium

Rhenium hydride was first synthesized in the large volume press which requires
high temperatures to release hydrogen from a source material [Antonov 83]. At
temperatures above 500 K and pressures above 3 GPa, rhenium incorporates

hydrogen into its hcp lattice reaching a hydrogen solubility of x ~ 0.23 by 9
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GPa [Antonov 02]. For this composition, the lattice parameters were determined
to be @ = 2.801 A, ¢ = 4.465 A, compared to a = 2.761 A, ¢ = 4.458 A for
pure Re [Somenkov 87]. At temperatures below 0 °C the hydride appeared
to be stable at ambient pressure [Ponyatovsky 84]. It was further found that
the critical temperature for superconductivity was reduced from 7, = 1.7 K
for pure rhenium to ~0.5 K for the hydride with = ~ 0.23 [Antonov 87].
Neutron diffraction data indicated that at this content, the hydrogen atoms are
randomly distributed over the octahedral interstitial sites [Shilstein 85]. At room
temperature, Re-H can be formed at pressures above 5.3 GPa and exhibits a
higher hydrogen content [Atou 95, Besedin 98]. At pressures above 8.6 GPa,
the hydrogen content saturates at x ~ 0.38 [Atou 95|. This estimate is based
on the measured volume expansion of 2.1 A3 per hydrogen atom, which was
found by neutron diffraction [Shilstein 85]. The interstitial hydrogen was found
to be incompressible at pressures up to 123 GPa [Besedin 00]. Similarly to
substoichiometric TcHg45 and CoHgsg, ReHpss formed at room temperature
was later also found to exhibit a layered superstructure [Kawamura 04]. In the
deficient anti-Cdls-type structure, hydrogen atoms occupy only every second layer
of the available octahedral interstitial sites. During the course of this work, it was
found that the layered structure breaks down at temperatures above 150 °C and
pressures above 20 GPa [Scheler 11a]. After an isomorphous transition into the
deficient NiAs-type structure, the hydrogen content was found to increase with

pressure up to x ~ 0.85 (see chapter 4.2).

C) Group 8: Iron, Ruthenium, Osmium

C-i) Iron

Similar to manganese, iron forms three types of hydrides. The stoichiometric
double-hep (dhep) €'-phase forms at room temperature and pressures above ~3.5
GPa and is stable up to at least 64 GPa [Badding 91]. At pressures above 5
GPa and temperatures exceeding 600 K, the fcc y-phase of iron hydride with
as of yet unknown hydrogen content stabilizes [Antonov 02]. In the simple hep
e-phase, hydrogen atoms are randomly distributed over the available interstitial

sites. This hydride is stable at ambient pressure and temperatures below 150
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K [Ponyatovsky 84]. At T=80 K, the lattice parameters were determined to be
a = 2686 A, ¢ = 4.380 A [Ponyatovsky 84]. Although pure iron undergoes a
structural phase transition from the bce to the hep phase between 15 and 20
GPa, this does not have any effect on the dhcp €¢’-phase of iron hydride. A
Vinet-type fit to the equation of state of iron hydride revealed a bulk modulus of
By = 121£19 GPa, B’ = 5.31£0.9 and a zero pressure volume of V5 = 55.6+0.5
A3 [Badding 91]. In comparison, pure hcp iron has Vy = 22.35 + 0.03 A®,
By =160.2 + 2.1 GPa, B’ = 5.82 + 0.08.

C-ii) Ruthenium

It has been found that hydrogen can be incorporated in small quantities into the
ruthenium hcp lattice, reaching an approximate hydrogen content of x ~ 0.03
by 9 GPa and temperatures exceeding 550 K [Antonov 02]. Further information
on hydride phases in this element are scarce and it can be assumed that no
measurements at higher pressure and/or at room temperature have been carried
out. The maximum pressure of 9 GPa in previous experiments was imposed by the
limits of the type of large volume press used. In particular, since all measurements
of hydrogen contents were carried out at ambient conditions after quenching,
it can be expected that the achievable hydrogen content is somewhat higher,
although the hydride phase is not stable at ambient conditions. In fact, a recent

theoretical study finds that ruthenium hydride forms in the fec configuration and
is stable above 10 GPa [Gao 12].

C-iii) Osmium

According to [Ponyatovsky 84] and [Antonov 84], the osmium-hydrogen system is
analogous to the ruthenium-hydrogen system with the sole difference of an even
lower hydrogen content. The maximum hydrogen content recorded for osmium
hydride is x ~ 0.003 at pressures up to 9 GPa. Resistivity measurements were
used to identify the formation of a hydride phase and a synthesis pressure of ~2
GPa was found [Antonov 84]. In the course of this thesis, osmium was subjected
to hydrogen pressures above 80 GPa at room temperature. No significant uptake
of hydrogen was discovered (see chapter 4.6). It can be assumed that the finite
hydrogen content measured in the large volume press is mainly due to chemisorbed

hydrogen on the metal surface.
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D) Group 9: Cobalt, Rhodium, Iridium

D-i) Cobalt

At pressures below 7 GPa, hydrogen is directly incorporated into the hexagonally
closed packed metal lattice without it undergoing a structural transition. The
hydrogen content rises monotonically with pressure and reaches a maximum
of © ~ 0.6 at 7 GPa [Antonov 02]. At higher pressures and temperatures
between 500 and 600 K, the metal lattice transforms into the fec ~y-structure
and a stoichiometric hydride is formed [Ponyatovsky 84]. At hydrogen contents
xr < 0.26, the hydrogen atoms are randomly distributed over the host lattice.
Interestingly however, at higher concentrations, the hydrogen atoms form layered
sublattices and with that create a superstructure. At x = 0.34, they occupy
every third layer and at z > 0.38 every second layer. As in rhenium, this ordered
arrangement causes the intermediate layers of metal atoms to deviate from their
equilibrium positions. Layers of Co atoms without a hydrogen layer in between
them move closer together while those with a (deficient) hydrogen layer separating
them are pushed apart [Antonov 02]. X-ray diffraction experiments on recovered
Co-H with 2 ~ 0.6 revealed a volume increase of ~ 1.8 A3 per atom extrapolated

to full stoichiometry [Ponyatovsky 84].

D-ii) Rhodium

At pressures above 3.5 GPa at room temperature, hydrogen atoms are incor-
porated into the fec lattice of rhodium and form a near stoichiometric hydride
[Antonov 02]. The transition pressure depends on temperature and increases
monotonically to 5 GPa near 700 K. The hydrogenation process takes place
instantaneously [Antonov 84] and causes a lattice expansion from ¢ = 3.803
A to a = 4.010 A [Somenkov 87]. Decomposition at ambient pressure begins
at temperatures above 170 K [Ponyatovsky 84]. Very recently, a second phase of
rhodium hydride with high hydrogen content was discovered [Li 11]: At pressures
above 8 GPa, the metal undergoes another transition and forms the fluorite-
type fcc RhHy. This is the first di-hydride discovered in the platinum-group

metals. Here, hydrogen atoms move from the octahedral interstitial sites to the
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tetrahedral sites. This phase was quenchable to ambient pressure at very low
temperatures (6.1 K) and a third order Birch-Murnaghan fit to the equation of
state revealed a zero-pressure volume of Vy = 81.7 £ 0.2 A3 and a bulk modulus

of By =194 4+ 3 GPa [Li 11].

D-iii) Iridium

Iridium (as well as platinum) was subjected to pressures reaching 9 GPa
and temperatures above 500 K without measuring any significant uptake of
hydrogen [Ponyatovsky 84]. A small release of hydrogen from a sample subjected
to these conditions after quenching was interpreted as hydrogen adsorption
on macroscopic defects and the sample surface [Antonov 84]. According to
theoretical calculations, iridium hydride should form in the fec configuration
[Gao 12]. However, no pressure of formation is given in this study. The hydride
is supposedly stable at 100 GPa. In the course of this thesis it was found that
iridium forms a hydride at pressures above 55 GPa (see chapter 4.4). This
novel hydride phase exhibits an unusual crystal structure that was indexed in the
Pm3m spacegroup (simple cubic) with hydrogen atoms occupying the 3¢ Wyckoff
positions in the unit cell. Therefore, iridium hydride reaches an unrivalled

hydrogen content of x = 3 although it can not be regarded as an interstitial

hydride.

E) Group 10: Nickel, Palladium, Platinum

E-i) Nickel

Nickel hydride exhibits the same metal host lattice structure (fec) as pure Nickel.
The hydride can be synthesized electrolytically or under equilibrium from the
elements at high pressures at p<0.5 GPa and room temperature [Baranowski 05].
The review article [Baranowski 05] gives comprehensive background information
not only on the history of nickel hydride, but also the development of high-
pressure techniques and applications. Hydride formation is characterized by a
sudden increase in hydrogen content from very low values (x = 0.01) to = ~ 1.
Decomposition takes place at ~0.2 GPa below synthesis pressure [Baranowski 05].

Compared to pure Ni, the stoichiometric hydride shows an increase in lattice
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parameter from a = 3.524 A to a = 3.740 A [Somenkov 87]. The hydride
is unstable at ambient conditions and decays over the period of a few days
[Ponyatovsky 84]. The bulk modulus of stoichiometric NiH is with By = 195+ 5
GPa and B’ = 5.3 slightly higher than that of pure Ni (By = 187 £ 5 GPa)
[Filipek 07]. It is stable up to at least 123 GPa [Besedin 98, Besedin 00].

E-ii) Palladium

Palladium is exceptional in the group 6-11 elements. It was discovered
in 1866 and hydrogen pressures of just 0.007 atmospheres are sufficient to
form the fec 75 hydride with a hydrogen content z ~ 0.61 [Baranowski 72,
Ponyatovsky 84, Wolf 93, Baranowski 05]. This is usually referred to as the /-
phase of palladium hydride. Despite the rapid increase of hydrogen solubility
at low pressures, significant pressures p>1 GPa are necessary to reach z ~ 1
[Antonov 02]. No other transformation has been observed at pressures up to
9 GPa and temperatures above 500 K [Antonov 84|. Stoichiometric PdH has
lattice parameter a = 4.090 A [Schirber 75]. Palladium is also the only known
element in the group 6-11 transition metals that undergoes a paramagnetic-
to-superconducting transition upon hydrogenation. With a hydrogen content
of x ~ 1, the critical temperature reached 9 K for PdH and 11 K for PdD,
an increase by nearly 5 orders of magnitude (7, < 4 -10* K for pure Pd)
[Hemmes 89, Bashkin 03]. Interestingly, 7. depends directly on the hydrogen
content with 7, ~ 1K at x ~ 0.8. The bulk modulus of palladium hydride
(x ~ 0.8) was measured as By = 130+ 5 GPa and B" = 4.8 [Tkacz 90], equivalent
to that of pure palladium to within the error of the measurement. This strong
dependence of T, on the hydrogen content led to the assumption that PdH, with
x > 1 could be a high-temperature superconductor [Tripodi 04]. However, this

idea is heavily disputed [Baranowski 07, Tripodi 09].

E-iii) Platinum

In the first major reviews on the transition metal hydrides [Ponyatovsky 84]
and also in more recent articles and books [Antonov 02, Fukai 05, platinum
was regarded incapable of forming a hydride phase. In fact, it requires
pressures above 27 GPa to synthesize stoichiometric PtH from the elements

[Hirao 08, Scheler 11b]. Of particular interest are the potential superconducting
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properties of PtH. While platinum is superconducting in the low mK regime
[Konig 99], observations in experiments involving silane indicate that PtH might
be superconducting at temperatures up to 17 K [Degtyareva 09, Eremets 08].
Our own calculations as well as other theoretical studies targeting this material
also found superconductivity emerging at very high pressures [Kim 11, Zhou 11].
However, this idea is not altogether new as the possibility of PtH being a high-
temperature superconductor has been discussed before [Papaconstantopoulos 80].
A recent theoretical study finds several stable structures for Pt-H, amongst others
our experimentally observed P63/mmc (hcp) which was predicted to stabilize at
pressures above 42.9 GPa [Gao 12|. These findings are discussed in detail in
chapter 4.1.

F) Group 11: Copper, Silver, Gold

F-i) Copper

Some confusion about copper hydride seems to exist in the literature. In 2007, it
was reported that CuH has never been synthesized from the elements [Filipek 07]
although this was achieved in 2004 in the diamond anvil cell at pressures above 14
GPa [Burtovyy 04]. Traditionally, CuH is synthesized in the hexagonal wurtzite
form (corresponding spacegroup P63mc [Goedkoop 55]) as the result of a reaction
between hypophosphorous acid and copper sulphate [Filipek 07]. It is unstable
at ambient conditions but can be stored permanently at -5 °C [Fitzsimons 92].
In contrast to other hydrides in the group 6-11 transition metals, the bonding
between Cu and H is described as being partly covalent and/or ionic [Filipek 07].
The hydride synthesized by Burtovyy and Tkacz [Burtovyy 04] however shows an
fec erystalline structure in which hydrogen is directly incorporated into the metal
matrix. This has since then not been observed by anyone else?. High-pressure
studies on chemically synthesized copper hydride revealed a drastic change in
the elastic properties [Filipek 07]. While pure copper has a bulk modulus of
By = 137.4 GPa, B’ = 5.52 (V; = 11.81 A%), CuH was found to exhibit By = 72.5

2Private communication with M. Tkacz (Institute of Solid State Physics, Chernogolovka,
Russia): The copper sample used in their experiments was dehydrogenated Cu in order to
obtain pure samples. He speculates that the history of the sample plays a role whether an fec
or hep hydride is formed.
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GPa, B' = 2.7 (V, = 16.75 A3, fitted with a simple Murnaghan equation of state).
This difference can be explained by the different bonding of the hydrogen in the

metal. Our results on the copper-hydrogen system are presented in chapter 4.5.

F-ii) Silver

Silver is the only row-4 metal in the considered group of elements for which a bulk
hydride phase has never been reported. A recent theoretical study predicts the
formation of Ag-H in the fec configuration with hydrogen occupying octahedral
sites [Gao 12]; however, no pressure of formation is given. Our experiments on

silver up to 87 GPa did not reveal any signs of hydrogenation.

F-iii) Gold

The synthesis of gold hydride was first reported in 1982 [Antonov 82]: Synthesis
was observed after the sample was subjected to pressures of 5 GPa and
temperatures of ~ 700 K for 1 hour. X-ray analysis of the recovered material
showed a complex crystal structure and the optical appearance of the sample
changed to a grey-white colour with a brittle surface. Although the exact crystal
structure was not solved, an orthorombic unit cell with dimensions a = 6.80 A,
b=9.61 A and ¢ = 7.85 A was fitted to the data [Antonov 82]. However, to date,
the existence of gold hydride is in dispute in the material science and high-pressure
community. A recent theoretical study found no evidence that gold can form a
hydride at pressures accessible by current diamond anvil cell techniques (i.e. up
to ~350 GPa) [Gao 12]. Apart from the study from 1982, no further experimental
evidence for the synthesis of gold hydride is known?®. It is speculated that this is
mainly due to the large electronegativity of Au (2.54) and the accordingly high

dissociation barrier for Hy at the metal surface.

3Private communication with T. Strobel (Carnegie Inst., Washington, USA): A reaction
between gold and hydrogen was apparently observed at pressures above 60 GPa. However, no
more details are known. We were not able to replicate these results and found no reaction up
to 115 GPa.
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Table 2.2: Important properties of the d-metal hydrides. e-phases denote hep
metal host lattices, y-phases fcc metal host lattices. w-CuH denotes the wurtzite-
type structure of copper hydride. Lattice parameters are given at ambient
conditions, except were stated otherwise. By is the zero-pressure bulk modulus
(given where available). Where no temperature is given for synthesis conditions,
synthesis takes place at room temperature.

Hydride =« lattice Synthesis By [GPa]
parameter [A]
Cr eCrH 1 a=2717 0.2 GPa 240 £ 7
c=4.436
~-CrH 1 a = 3.854 n.a.
Mo e-MoH 1.05 a=2.937 > 3 GPa
c=4.758
W  eWH 1 a = 2.886 (25.5 GPa) 25 GPa
c=4.604
Mn eMnH 0.83 a=2.692 >0.4 GPa 92.7+8.1
c=4.355
e-MnH 0.95 a=2.70
c=4.37
Tc eTcH 0.69 a=2.838 0.2 GPa
c = 4.465
e-TcH 0.45 a=2.801
c=4.454
Re €-ReH  0.23 a=2.801 5.2 GPa
c=4.465
Fe ¢-FeH 1 a = 2.679 3.5 GPa 121 £ 19
c=8.77
Ru eRuH 0.03 a = 2.705 9 GPa, 620 K
c=4.278
Co eCoH 0.26 a=2.544
c=4.116
~v-CoH 1 6 GPa, > 500 K
Rh  ~-RhH 1 a=4.010 3.5 GPa
~vo-RhHy 2 a = 4.339 8 GPa 194 +3
Ir  IrHj 3 a=2.691 (55.8 GPa) 55 GPa 190+ 3
Ni  ~-NiH 1.05 a=3.740 0.5 GPa 195+ 5
Pd ~-PdH 1 a = 4.090 > 1 GPa
~-PdH 0.8 > 0.007 GPa 130+ 5
Pt ePtH 1 a =2.783 (27.5 GPa) 27 GPa 310 £+ 10
c=4.742
Cu w-CuH 1 a =281 n.a. 72.5
c=4.61
e-CuH 0.5 a=2532(21.1 GPa) 18.6 GPa 140 + 5
c=4.214
~v-CuH ? 14 GPa
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Chapter 3

Review of High-Pressure

Equipment and Techniques

This chapter reviews the high-pressure techniques that were employed in this
work to study metal-hydrogen systems at extreme conditions. In particular, the
diamond anvil cell, pressure calibration techniques and aspects of in-situ x-ray
diffraction are discussed. Supporting techniques, such as Raman spectroscopy,
electron microscopy and focused ion beam applications, are briefly introduced.
This chapter is not intended to give a comprehensive overview of high-pressure

techniques.

3.1 The Diamond Anvil Cell

The diamond anvil cell (DAC) has been the tool of choice for experiments at
very high pressures for the past 50 years. A review of its history and applications
is given in [Bassett 09] and in [Feng 10] for low-temperature applications. The
principle is based on the fundamental definition of pressure as force per area.
Diamonds are shaped (usually mechanically polished) into pointed anvils with
top culets ranging in diameter from a few hundred to just over 10 pm. Figure
3.1A shows a schematic drawing of the working principle of a DAC. The two
pointed anvils are aligned opposing each other. With a sample confined between
them, very high pressures can be generated by externally exerting a force on the

diamonds. The maximum pressure achievable is determined by several factors,
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I diamond seat gasket
diamond

Figure 3.1: A) Schematic drawing of a typical DAC. B) Photograph of a closed
symmetric DAC (“doughnut” type). C) Close-up schematic of the sample
confined between the gasket (drawing) and the two diamond anvils.

such as overall geometry of the pressure-cell, the size and shape of the diamonds
and the sample itself. The sample is sealed from the environment by a metal
gasket. In this thesis, only rhenium gaskets were used, although tungsten and
stainless steel gaskets are widely used as well. The symmetric “doughnut”-type
cell (see Figure 3.1B) has been used almost exclusively throughout this thesis (for
list of experiments see Table A.2). The Betsa-type and modified Gregoryanz-
Guillaume (GG)-type cell have been used occasionally. The long piston-cylinder
cell is well suited to reach the highest static pressures and was extensively used
in the experiments described in [Howie 12]. Other purpose-built cell types have
emerged over the years but are not discussed in further detail here (see e.g.

[Kamenev 07, Gavriliuk 09]).

The DAC owes its popularity mainly to the properties of diamond which
make this a highly versatile tool [Bassett 09]: Diamond is not only the hardest
known material, it is also transparent to infrared and visible radiation as well
as x-rays. In particular, single crystal diamonds that are aligned properly in a
monochromatic x-ray beam only show minimal absorption as long as no, or only
a few, crystal planes are in Bragg condition. Furthermore, because of diamond’s
electrical and thermal properties, it is possible to conduct in-situ measurements
of specific heat, resistivity and susceptibility inside a DAC (see e.g. [Gao 05]).
Infrared laser heating can be used as well as external resistive heating in order to
study samples at very high temperatures [Bassett 09]. A full description of the
available high-pressure techniques involving the DAC is out of the scope of this
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3.1. The Diamond Anvil Cell

introductory chapter.

One of the main limiting factors for the achievable pressures are size and in
particular shape of the used anvils. Typically, with flat-culet 250 pm diamonds,
pressures between 50 and 80 GPa are possible, with a maximum pressure of ~100
GPa for 150 pum culets. For higher pressures, single or double beveled diamonds
are used. These geometries can be polished mechanically and are widely used.
More recently, laser shaped diamonds with arbitrary geometry! became available
[Okuchi 09]. In this thesis, both flat-culet and beveled diamonds were used.

Rhenium foil of 200 or 250 um thickness was used exclusively as a gasket
material throughout this work. Although rhenium reacts with hydrogen at
considerably lower pressure than iridium or tungsten, it possesses ideal properties
as a gasket material. It has a very high bulk modulus (370 GPa) but is at the
same time more ductile than tungsten or iridium. For gasket preparation, the
Re-foil is thinned between the two anvils to form a tight indent with 20-30 pm
thickness. The gasket hole which will contain the sample during the experiment
is subsequently either drilled using an infrared-YAG laser or, on smaller length
scales, using focused ion beams (see chapter 3.4.4 and [Orloff 00]). Figure 3.2

shows the gasket preparation process.

A metal sample is subsequently placed inside the sample volume (see Figure
3.2). In order to guarantee hydrostatic conditions, the excess volume is filled
by a pressure transmitting medium (PTM). Throughout this thesis, gaseous
hydrogen was loaded at an initial pressure of 1000-2000 bar into the sample
volume. This facilitated direct reactions between the metals and hydrogen while
excess hydrogen surrounding the sample acted as the PTM. Other PTM are
e.g. methanol-ethanol mixtures, silicone oil or inert gases such as helium or
argon [Klotz 09]. A description of a gas-loading system is given in [Machida 10].
The DAC is placed in a high-pressure cylinder, connected to a two-stage gas
compressor?. The remaining air inside the cylinder is replaced with hydrogen

compressed to the desired pressure (maximum 2000 bar). The initially open cell

1See for example the novel laser shaped concave diamonds offered by Almax Industries:
www.almax-easylab.com
2Nova Swiss diaphragm compressor, see www.novaswiss.ch
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Figure 3.2: Gasket Preparation: A) A sheet of Re is placed between the aligned
diamonds. B) The diamonds are pressed into the metal to create an indent. C)
A centered hole is drilled into the indent. D) The metal sample is placed with a
sharp needle in the hole. E) The cell is closed with one diamond leaving a small
gap. F) Air in the cell is replaced with hydrogen gas and the cell is closed. G)-H)
Optical micrograph of the sample hole taken through the diamonds. The metal
sample and a ruby-sphere can be seen in the 50 pum hole.

is then closed through an external mechanical system and the hydrogen inside
the sample volume further compressed to >1 GPa to ensure secure sealing (see
Figure 3.2F). In earlier experiments (see e.g. the review article [Antonov 02]), in-
situ hydrogen sources such as AlHg or LiAIH, were used. These release hydrogen
in a decomposition process at high temperatures. The disadvantages include the
necessity for separating the sample from the hydrogen source and low available
amounts of hydrogen. The properties of these materials and other hydrogen
sources are reviewed in [Chen 02, Chellappa 06, Saitoh 08, Ares 09].

3.2 Pressure Scales

Of fundamental importance is accurate determination of the applied pressure
within the sample volume. Several techniques have been developed over the years
which are applicable to varying pressure ranges and accuracies. The ubiquitous
ruby pressure scale can be used up to pressures of ~80 GPa at room temperature,

above which the fluorescence signal usually becomes too weak. The Raman shifts
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of diamond and hydrogen have been developed into pressure scales in the past few
years and are used up to the highest pressures. In x-ray diffraction experiments,
the equation of states for known materials is used to reliably determine pressure.
All of these techniques have been used in this work. It should be noted that this
section is intended to give an overview and the necessary practical details in order
to use the introduced pressure standards. For full reviews, the reader is referred

to referenced literature.

3.2.1 The Ruby Pressure Scale

A comprehensive review of ruby under pressure can be found in [Syassen 08].
Ruby, a chromium doped variety of corundum (aluminium oxide Al,O3:Cr3t),
exhibits distinct fluorescent emission lines, called the R1 and R2 lines. The
two lines correspond to the 2E excited state of the Cr®** ion. The energy level
is split due to spin-orbit coupling, leading to a separation of the two lines by
ARjy; = 29cm™! [Syassen 08] (see Figure 3.3A). The broad absorption lines of
the 4Ty (U) and “T; (Y) states (which cause the red, pink appearance of ruby)
decay into the ?E state which has a relatively long lifetime of ~4 ms. At ambient
conditions, these lines are observed at Az, = 694.25 nm and Ay = 692.86 nm. A

ruby fluorescence spectrum is shown in Figure 3.3B.

The relatively small shift of the R-lines with pressure of only 0.365 nm/GPa
at pressures below 10 GPa, the ease of use and the relative inertness of ruby
make the ruby pressure scale (RPS) the most widely used [Datchi 07]. Since the
intermediate U and Y absorption bands shift to higher energies with increasing
pressures, it becomes inefficient to populate the R-lines with green lasers. As a
consequence it can be more efficient to use a red laser at higher pressures to excite
the 2T, state which also decays into the ?E states [Syassen 08]. Furthermore, at
higher pressures, the frequency shift deviates from linearity. There is up to now no
fundamental theory describing and calibrating the RPS at higher pressures. The
most widely used method to calibrate the RPS experimentally is by measuring
the R-line shift and the volume of a known compound simultaneously by x-ray
diffraction (see also method described in the following section). The known

equation of state of the calibration material is used to determine the pressure
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Figure 3.3: A) Energy levels in the Cr*" ion, taken from [Syassen 08]. B)
Fluorescence spectrum from ruby showing the R; and Ry lines.

accurately for a given shift of the R-lines. However, since the equation of state
of any material can also only be known to a certain accuracy, this calibration
method becomes unreliable at very high pressures. Several approaches to reliably
determine the equation of state are discussed in [Syassen 08]. A more detailed

introduction at this point is out of the scope of this work.

The two calibrations developed independently by Holzapfel [Holzapfel 05] and
Dorogokupets et al. [Dorogokupets 07b] offer to date the best consistency with
other pressure scales and in particular with equations of state of various materials
at higher pressures [Datchi 07].

The calibration proposed in [Holzapfel 05] relates pressure and wavelength as

Sl @)] e

with A = 1845 GPa, B = 14.7 and C = 7.5.
The relation in [Dorogokupets 07b] has the simpler form

P = 1834 (ﬁj) ll +55 (ij)] (3.2)

A
B+C

exp
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3.2.2 Equations of State as Pressure Scales

The measurement of the equations of state (EoS) has only been used as a
secondary pressure scale in this thesis. In most cases, the equation of state of the
parent metal was used to establish a first estimate of the pressure during XRD
experiments or to derive the hydrogen content by deviation from the known EoS
(see chapter 3.3.3). In this section, the EoS for various metals are given that
were investigated in the course of this thesis. Furthermore, the EoS of hydrogen
is given. Despite the extremely small scattering cross section, the hydrogen Bragg
peaks can be seen in high-resolution XRD patterns if there is no other reflection

in the vicinity. The Vinet EoS [Vinet 87| is nowadays the most widely used:
Vv -2/3 174 1/3 3 %4 1/3
P=3B)(— 1—(— B’—1~1—<> 3.3
@ ol -] o

Table 3.1: Parameters for the equations of state for the materials investigated
in this work. Vj is given per single atom, in the case of hydrogen per hydrogen
molecule.

Element V, [A%] B, [GPa] B’ Reference
W 15.862 208.3(3.6) 3.81(10) [Dewacle 04]
Re 14.713 372 4.05 [Cynn 02]
Os 13.978  462(12)  24(5)  [Cynn 02]
421(3) 4 [Armentrout 10]
Ir 14.145 383(14)  3.1(8)  [Cynn 02]
Pt 15.005 275.3(2.0) 4.78(8) [Dewaele 04]
277.3 5.12 [Dorogokupets 07a]
Cu 11.810  135.1(1.1) 4.91(5) [Dewaele 04]
137(4)  5.5(3)  [Wang 09]
Ag 17.021  103.9(1.4) 5.78(9)  [Dewaele 08]
17.057 89.8(1.3) 5.92(7) [Akahama 04a]
Au 16.962  172.5(1.4) 5.40(8)  [Dewaele 04]
167.0 5.90 [Dorogokupets 07a]
[

H, 42.231 0.162 6.813 Loubeyre 96]

Table 3.1 lists the parameters for the EoS of the metals tungsten, rhenium,
osmium, iridium, platinum, copper, silver and gold as well as molecular hydrogen.
Figure 3.4 shows the corresponding P-V relations in the metals up to a pressure of
200 GPa while Figure 3.5 shows the P-V relation for hydrogen and the according

development of the observable d-spacings.
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Figure 3.4: Equations of state for the metals listed in Table 3.1 (see there for
references). Inset shows EoS for copper.

3.2.3 The Diamond Raman Gauge

The possibility of using the signal from the fundamental Raman mode of diamond
as a pressure gauge has been first proposed in [Hanfland 85] and was calibrated
against the ruby gauge at pressures up to 40 GPa. At zero pressure, the first
order Raman peak of diamond can be observed at 133340.5 cm™! and shifts
nearly linearly to higher frequencies with increasing pressure. In recent years,
the diamond gauge has been further developed and allows pressure measurements
in the multi-megabar pressure range where ruby fluorescence is too difficult
to excite and hence too weak. At such pressures, only the measurement of
the unit-cell volume of pressure calibrants with known EoS in the sample

volume could be used to determine the pressure. However, this technique
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Figure 3.5: Equation of state of hydrogen. Inset shows d-spacings of hydrogen
Bragg peaks vs. pressure. The values are derived from the EoS given in
[Loubeyre 96]. For practical purposes, the data can be found in Table A.1.

requires access to microfocused synchrotron radiation due to the extremely small
samples [Akahama 04b]. The diamond gauge facilitates lab-based optical pressure
measurements without the need of an additional pressure calibrant in the sample
volume. The most recent calibration of this pressure gauge can be found in
[Akahama 07] where the data is fitted to the following quadratic equation:

Aw 1 Aw

P=A—|1+-(B—-1)— 3.4

S iesE-nT (3.4)
With A and B being the fitting parameters, wy = 1333cm ™! the zero-pressure
Raman frequency of diamond and Aw the observed frequency shift. The results
of the fit up to ~300 GPa were A = 547(11) GPa and B = 3.75(20). For practical

purposes the relation can now be written as:

P[GPa] = 0.410Aw + 4.233 - 10 *Aw? (3.5)
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However, it was found that due to the presence of uniaxial strain in the diamond
anvils during compression, the exact frequency shift depends on the culet size
and anvil geometry [Baer 08]. This leads to a certain inaccuracy in the pressure
measurement when measuring using the diamond Raman gauge on the pressure-
anvils. Figure 3.6 shows the pressure according to [Akahama 07] for the measured

diamond edge. The inset shows the observed Raman spectrum at 123 GPa.
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Figure 3.6: The Akahama pressure scale for the diamond Raman edge
[Akahama 07]. Inset shows the observed Raman spectrum at 123 GPa.

3.2.4 The Hydrogen Vibron Gauge

The hydrogen Raman spectrum exhibits a distinct peak at frequencies between
3800 and 4250 cm~! in the pressure range of 0-200 GPa. This mode corresponds
to the vibrational motion of the hydrogen molecule and its frequency is very

sensitive to pressure changes. Figure 3.7 shows the development of the hydrogen
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3

vibron with pressure’. A clear maximum can be seen at pressures between 30

and 40 GPa which limits the use of the hydrogen vibron as a pressure gauge to
pressures above 50 GPa [Baer 08]. Although the hydrogen vibron has not been
properly calibrated to absolute pressures, it allows direct comparability with other
experiments (see e.g. [Howie 12]). In this thesis, the hydrogen gauge has been
used in addition to the ruby and the diamond pressure scales as a secondary

pressure indicator.
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Figure 3.7: The hydrogen vibron frequency plotted against pressure. Data
courtesy of R. Howie.

3.3 X-ray Diffraction at High Pressures

The main diagnostic method used in this work was synchrotron based in-situ
x-ray diffraction (XRD). This chapter aims at giving a brief introduction to
XRD, synchrotron radiation and the specific aspects of XRD at high pressures.

Comprehensive introductions to synchrotron radiation and related applications

3The data shown here has been produced in an internal study at CSEC, The University
of Edinburgh, mostly by R. Howie and C. Guillaume. At the time of writing an according
publication was in preparation.
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are given in [Baruchel 93] and [Hippert 05].

3.3.1 Basic Diffraction Theory

In all experiments related to this work, monochromatic synchrotron radiation
with energies between 30 and 45 keV (corresponding to wavelengths A between
~0.3 and ~0.4 A) was used for angle-dispersive XRD. Therefore, white-
beam applications and scanning-energy techniques such as x-ray absorption
spectroscopy (XAS) are not discussed here. A monochromatic beam, described
by the wavevector k with k = 27/, can react with a solid sample in three
different ways: Absorption, Refraction and Scattering. In an absorption process,
the incident photon transmits its energy to an (inner-shell) electron of the target
atom, leaving the atom in an excited or ionized state. Subsequent filling of the
vacant state from lower-energy shells causes characteristic fluorescent radiation.

The transmitted intensity through a material of thickness z is then given by
I(z) = Iye™* (3.6)

where p is the material- and energy specific absorption coefficient. When the
energy of the incident photon is increased and exceeds the threshold for exciting
a lower lying shell (absorption edge), the absorption coefficient is increased
significantly. This can be seen in characteristic steps in the absorption cross
section and is exploited in XAS and extended x-ray absorption fine structure
(EXAFS) techniques.

An x-ray beam is refracted in a similar way in a sample as visible light in a lens
or a prism. However, the refractive index n is negative for x-rays and of the order
107°. Therefore, the development of refractive x-ray optics is challenging and has
only been made possible with the advent of third generation synchrotron radiation
sources. Compound refractive lenses (CRL), made from beryllium, are nowadays
commonly used to focus x-ray beams to spot sizes in the order of 1 um (see e.g.
[Scheler 09]). However, their effectiveness is reduced at higher photon energies
and other types of optics (such as reflective Kirkpatrick-Baez (KB) mirrors or
diffractive Fresnel zone plate setups) are used for focusing.

Elastic Bragg scattering (i.e. scattering without energy loss from an object with
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internal structure) occurs when the scattering vector K = k —k’ coincides with a
reciprocal lattice vector Gy (known as the Laue condition). This is equivalent

to the Bragg condition:
n\ = 2dhklsin@ (37)

where dj,;; denotes the lattice spacing of the crystallographic plane corresponding
to the reciprocal lattice vector Gpy. © is the corresponding scattering angle,
20 accordingly the angle between k and k’. The scattering cross section for
x-rays depends exponentially on the atomic number of the sample which makes
x-ray diffraction on hydrogen challenging, in particular when heavier elements
are involved. The scattering intensity of a Bragg reflection corresponding to the

lattice vector Gy is determined by the structure factor F(Gyy,) defined as:

F(Gpu) = ng (Gppr)e' ™ (3.8)

where the sum is over all atoms in the unit cell and f; and r; their corresponding
atomic form factor (scattering power) and fractional atomic coordinates respec-
tively. The scalar product Gr; can thus be written as hax + ky + l2. This leads

to the following form of the structure factor:

thl Z f] Gh 2m (hx+ky+lz) (39)

The observed integrated intensity of a Bragg peak is given by:

/\3

[ = ®OTOP|F(thl)‘2N‘/ST<2@)

(3.10)
Here, ®, denotes the incident photon flux, rqP the contribution of polarization,
N the number of unit cells of volume V' per cell, A the wavelength and 20 the

scattering angle.

In the case of powder diffraction, the sample volume illuminated by the
incident x-ray beam consists of a large number of individual crystallites (in
contrast to single crystal diffraction) of random orientation. Accordingly, the
sum of the Bragg spots from single crystallites forms a diffraction cone with

opening angle 40,x. Figure 3.8 shows the powder diffraction pattern of silicon
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Figure 3.8: Powder XRD pattern and integrated spectrum (not background
corrected) of silicon at ambient conditions. Inset shows enlarged part of the
diffraction pattern. Single reflections from individual crystallites that make up
the sample are visible. The XRD pattern was recorded at Diamond Light Source
using a MAR345 detector.

and the corresponding integrated spectrum. The peak shape is best described
by a Voigt function, which is a convolution of the Gauss and Lorentz functions.
Since there is no analytical solution for the convolution integral, the pseudo-Voigt

function approximation is used for peak fitting:

Vp(x) =nL(z) + (1 —n)G(x) (3.11)
Glz) = e nA(Z2) (3.12)
1
Lz)= —— 3.13
(x) Lt (=) (3.13)
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with 0 < 1 < 1. 2w is the full width at half maximum (FWHM) of the curve and
xo the center position.

Several factors influence the peak width 2w: i) Instrument broadening, ii) strain
broadening and iii) size broadening. Instrument broadening depends on the
experimental setup and in particular on the source. Taking into account the
geometry of experiments undertaken for this work, instrument broadening can
be neglected. Strain broadening arises from varying d; within the illuminated
sample volume due to a strain gradient across the sample. Local compression
of crystallites causes a shift in lattice spacing of Ad and accordingly a shift in
diffraction angle of A20. Averaging across the strained sample therefore causes

broadening. The amount of observed broadening depends on the diffraction angle:
2w = A20 = (Ad/d) - tan © (3.14)

Size broadening is caused as a finite-size effect in the Fourier transform of
extremely small crystallites. The smaller the individual particles, the broader
the observed Bragg peaks. A simple approximation to this relation is given by

the Scherrer formula:
K\

- 2wcosO

(3.15)

where L is the average crystallite size, derived from the width 2w observed for a
reflection at a diffraction angle ©. K is the empirical Scherrer constant which is
usually 1.

In a real experiment, both size and strain influence the observed peak width
and can be separated by a Williamson-Hall analysis (see e.g. [Cullity 83]). The
analysis is done by plotting 2wcos® /X against sin®/\, where 2w is the observed
peak width, for all observable Bragg peaks. If size broadening is the only
contribution to peak broadening, then the resulting plot shows a horizontal line.
[f strain contributes significantly, 2wcos© is a linear function of sin®. However, in
order to achieve a reasonable quality, the obtained diffraction patterns have to be
of exceptional quality. In most in-situ experiments at high pressure, conditions
are not good enough (e.g. too few diffraction peaks visible, too weak) to allow a
separation of strain and size effects. Significant peak broadening was observed in
one case during this work (tungsten hydride, see chapter 4.3) and the attempts

and strategies to separate the two effects are discussed in more detail there.
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3.3.2 In-situ Synchrotron X-ray Diffraction at High Pres-

sure

The advances in high-pressure techniques in the past have been largely possible
thanks to the development of novel synchrotron radiation techniques [Hemley 05].
Third generation synchrotron radiation sources produce electromagnetic radiation
as Bremsstrahlung from relativistic electrons. A description of this technology
can be found e.g. in [Baruchel 93]. During the course of this thesis, experiments
were carried out at the synchrotron radiation sources ESRF (Grenoble, France),
PETRA-IIT (Hamburg, Germany) and Diamond Light Source DLS (Didcot, UK).
These facilities operate electron storage rings (positrons in the case of PETRA-
IIT) with beam energies ranging from 3 GeV (DLS) to 6 GeV (ESRF, PETRA-III).
The dedicated high-pressure beamlines ID09a (ESRF) and P02.2 (PETRA-III)
use undulator insertion devices for maximum photon flux in a narrow energy
range. Beamline 115 at DLS is equipped with a wiggler source producing a white
beam similar to a bending magnet. It is therefore capable of a wider range of
experiments, albeit at the cost a significantly lower photon flux. Both, undulator
and wiggler sources are based on the same principle: They consist of alternating
magnets which force electrons along their path to follow an undulating path
and thus emit Bremsstrahlung as they are accelerated laterally. The first order
emission wavelength and corresponding photon energy from an undulator source

are given as:

)‘U K* 202
= — |1+ — 1
A 272<+2+7@ (3.16)
0.9496 E2
ElkeV] = E (3.17)

)\U (]. + KTz + ’7262)
Ay is the undulator period in cm, E,. the energy of the storage ring particles in
GeV and v the relativistic Lorentz factor

1 E.

Y= ———— = —% ~ 1957E,[GeV] (3.18)
12 mc
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It is © =~ 1/2v. The factor K characterizes the undulator and is given as

680)\(]
2mme

K —

~ 0.9337 BoAy (3.19)

with By being the magnetic field produced by the undulator in T. The energy
resolution of an undulator source is determined by the number of periods N:
A1

=% (3.20)

Since electrons are stored as packages in the synchrotron, the monochromatic
radiation emitted by an undulator is not unlike a pulsed laser source. In fact,
fourth generation light sources (free electron lasers) basically consist of undulators

with a large number of periods.

The vacuum of the storage ring is separated from the experimental endstations
(beamlines) by the frontend shutter which is capable of withstanding the heat
load of the incident radiation. Between the frontend and the sample station,
the beam is shaped (both spatially and spectrally) by the x-ray optics. Polished
single crystals of silicon are used to produce monochromatic radiation based on
Bragg diffraction. Also reflected higher order radiation can be attenuated using a
double crystal monochromator where the second crystal can be detuned (tilted)
with respect to the first crystal. For high-energy applications, mostly KB mirror
systems are used to focus the resulting beam to a few pm in diameter. KB mirrors
are achromatic devices and thus work at any wavelength while CRLs and Fresnel

zone plates depend on the photon energy.

The general layout of a beamline for high-resolution powder XRD is shown
in Figure 3.9. For experiments at high pressures, the sample stage is designed
to house pressure cells of various geometry. A high-resolution 2D large area
detector (such as MAR345 or Perkin Elmer) is used to collect the diffraction
patterns. Most dedicated high-pressure beamlines offer the possibility for online
optical spectroscopy (i.e. without removing the cell from the stage) for ruby
fluorescence measurements. Additionally, some beamlines (e.g. ID27, ESRF and
P02, PETRA-III) offer in-situ laser heating facilities. These usually consist of
YAG-lasers emitting at 1064 nm which can be focused onto the sample through
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Figure 3.9: Schematic layout of a typical high-pressure beamline with
characteristic distances of the elements from the source. For more details, see
e.g. [Liermann 10].

the diamonds and at a slight angle from the x-ray beam so that parallel heating

and XRD experiments are possible (see e.g. [Liermann 10]).

In order to calibrate the experimental setup (i.e. the exact photon wavelength,
distance between detector and sample and detector tilt), a calibration sample is
measured at the beginning of each experimental run. The most widely used
calibration materials are powder samples of silicon or cerium oxide. Figure 3.8

shows the calibration pattern of a silicon sample.

3.3.3 Determination of Hydrogen Content with X-rays

The most important aspects of a novel metal hydride to be addressed are the
crystal structure, its hydrogen content and the equation of state. All three
properties are difficult to quantify in a diamond anvil cell, mainly due to the
nature of hydrogen as an extremely weak scatterer of x-rays. For all intents
and purposes, hydrogen can be regarded invisible in the surroundings of heavy
elements such as most of the d-metals investigated in this work. Therefore, the
influence of hydrogen can only be derived indirectly from the behaviour of the

metal matrix.
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The crystal structure of the metal lattice can be determined from XRD
measurements. The position of the hydrogen atoms within the metal lattice is a
priori unknown and can only be estimated from comparison with other hydrides
with similar metal structure and known hydrogen orientation. In chapter 2.2
it was discussed that in most closed packed structures, hydrogen occupies the
octahedral interstitial sites which is therefore also assumed for novel hydrides
exhibiting this kind of host structure. However, it was also shown that not
every hydride is stoichiometric although the underlying crystal structure would
indicate this. Some of the available interstitial sites remain vacant. Therefore,
the actual hydrogen content is a very important characteristic of a metal hydride.
The volume expansion of the metal lattice due to absorption of hydrogen is
proportional to the hydrogen content [Baranowski 71], which allows for the in-situ
determination of the hydrogen content, provided two quantities are known: The
exact volume of the parent metal at the given pressure and the equation of state
of the hydride. In most cases, the hydride exhibits the same compressibility as
the parent metal and thus the measured hydride volume can be directly compared
to the volume of the parent metal at any given pressure. However, in some cases
(e.g. copper, iridium), the compressibility changes upon hydrogenation. Then,

the volume comparison is only feasible at zero pressure.

The measurement of the compressibility (i.e. the bulk modulus) is usually
facilitated by constructing the P-V EoS for the metal hydride. However, volume
expansion due to hydrogen uptake and volume contraction due to compression
are competing mechanisms and not always separable in XRD experiments. In
order to construct the EoS, a constant hydrogen content has to be implied, which

is not always possible.

In summary, the hydrogen content of a novel metal hydride under pressure
is estimated in the following way: If the compressibilities of hydride and parent
metal are identical (to within the errors of the measurements), the hydrogen
content can be derived by measuring the volume difference between metal and
hydride. The volume difference is then compared to other hydrides with a similar
structure. In the absence of comparable values, an average volume expansion

of 2.1 A3 per atom is used. If the bulk moduli are different, the zero pressure
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volumes can be compared in the same way. This is only valid if it can be assumed

that the hydrogen content is constant.

3.4 Other Techniques

In this section, various supporting techniques are briefly introduced. They are

listed here for reasons of completeness.

3.4.1 Raman Spectroscopy

Raman spectroscopy was used in this thesis alongside fluorescence spectroscopy
for the main purpose of measuring pressure, employing the hydrogen vibron and
diamond edge pressure scales (see chapter 3.2). Although the hcp lattice generally
exhibits a Raman active mode at low Raman shifts (typically below 100 cm™,

[Olijnyk 02]), this was not observed in our experiments.

3.4.2 Neutron Diffraction

This technique was not used in this work. However, neutron diffraction is a widely
used technique and complimentary to XRD. Due to the different scattering cross
sections of the elements for neutrons compared to x-rays, the hydrogen isotope
deuterium can be resolved very well and a refinement of the deuterium positions
within the unit-cell is possible (see e.g. [Antonov 02, Fukai 05]). Hydrogen
(protium) has a significantly higher incoherent scattering cross section compared
to deuterium leading to an intense diffuse background signal. Unfortunately,
high-pressure techniques for neutron diffraction are generally limited to <20 GPa
(within practical considerations, techniques for higher pressures exist but not yet
routinely applied), while most of the effects investigated in this work take place
at higher pressures. However, based on comparison with results from previous
neutron diffraction experiments at lower pressures, structural models of hydrides

investigated by x-ray diffraction can be established.
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3.4.3 Transmission Electron Microscopy

The investigation of very small samples by transmission electron microscopy
(TEM) has been a standard technique for the past decades and is well established.
In this thesis, TEM was used for the characterization of recovered samples
of dehydrogenated tungsten (see chapter 4.3). Similar applications have been
demonstrated in [Irifune 03, Irifune 05]. In particular the microstructure is

addressed in TEM experiments.

3.4.4 Focused Ion Beams

Focused Ion Beams (FIB) have become more widely available since the late 1990’s
and are approaching a state where they are comparable and in fact complimentary
to scanning electron microscopes (SEM) and essential for sample preparation for
TEM. Overviews and introductions to modern aspects of FIB-techniques can be
found in [Reyntjens 01, Volkert 07, Gierak 09]. FIB-systems work in the same
way as SEM’s but instead of using accelerated electrons, they use ions from a
liquid metal ion source (LMIS). The ions are extracted by field emission from
a droplet of supercooled metal in the LMIS (usually gallium) and accelerated
to several 10 keV before being shaped by electrostatic lenses. The applications
of FIB-systems range from simple imaging (with different contrast and depth-
sensitivity compared to electrons) over local sputtering and engraving to the
deposition of metallic films from injected precursor gases [Gierak 09]. A very
distinct property of micro-imaging using ions is channeling contrast which allows
for an analysis of the microstructure of the sample [Phaneuf 99].

The sputtering capability of FIB-systems can be used to drill very small gasket
holes which are necessary for ultra-high-pressure experiments (see [Howie 12]).
Figure 3.10 shows a secondary electron FIB image of a gasket hole drilled into
rhenium. The technique is described in [Orloff 00]. Laser drilling which is
normally used for gasket preparation produces insufficiently clean holes on length
scales of <10 pum. A FIB-milled gasket hole was used for experiments on the
iridium-hydrogen system (see chapter 4.4). Unassisted milling of rhenium metal

using Ga ions at an energy of 50 keV achieves a depth rate of ~0.15 ym/nC ion
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3.4. Other Techniques

Figure 3.10: Left, FIB images of laser drilled gasket holes. For larger holes, the
accuracy of the laser is sufficient but the microtexture of the gasket rim is very
uneven. Right, FIB-drilled gasket hole (dotted circle indicates diamond culet
indent).

dose*. Unassisted FIB-milling is further used in the preparation of TEM-samples
(see e.g. [Miyahara 08]) and was used for that purpose during the investigation of
the tungsten-hydrogen system (chapter 4.3). The injection of a suitable precursor
gas also allows for the deposition of specific materials onto the sample surface and
thus patterning and the creation of micro-circuits [Langfischer 02, Sadki 04].

Gas-assisted milling (e.g. HsO vapor) can enhance the sputtering rate by up
to a factor of 10 which is of particular interest for micro-machining diamond
[Adams 03]. With the emergence of ultra-hard nano-polycrystalline diamond
(NPD) [Irifune 03], non-mechanical shaping techniques for diamond gained
importance, since NPD is extremely difficult to polish. Up to now, the tool
of choice was laser ablation [Wang 00, Zhang 07, Sudheer 08, Okuchi 09] which
is capable of achieving astonishing results. However, due to surface damage to the
diamonds during thermal ablation, diamond anvils shaped with a laser lack the
mechanical stability of their single crystal counter parts despite being made from a
harder material. FIB-milled double-stage diamond anvil cells similar to the setup

proposed in [Dubrovinsky 12] could push the boundary of static compression to

4This was measured in a series of test millings on an unprepared Re surface on the
Micrion/FEI 2500 system at CSEC, University of Edinburgh.
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beyond the metallization pressure of hydrogen.
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Chapter 4

Transition Metal-Hydrogen

Systems at Extreme Conditions

In this chapter the results of work on the various metal-hydrogen systems is
discussed. The order in which these are presented reflects the chronological order

of the experiments.

4.1 Platinum

The noble metal platinum plays an important role in several industrial applica-
tions, e.g. as a catalyst in automobile exhaust systems or specific gas sensors
(such as oxygen) and of course jewelery [Loferski 10]. Platinum also acts as
a chemical hydrogenation catalyst but was long thought to be incapable of
forming a bulk hydride (see chapter 2.3). In high-pressure research, platinum
is widely used as a heat absorber in laser heating experiments, internal pressure
standard for XRD experiments and electrical leads for resistivity measurement.
The formation of platinum nitride [Gregoryanz 04] and platinum carbide [Ono 05]
has been observed at high pressures and temperatures. Under inert atmosphere,
the fec phase of pure platinum is stable to very high pressures (measured up
to 660 GPa in shock-compression experiments) [Holmes 89, Dewaele 04]. It was

found that platinum powder is superconducting in the low mK regime [Konig 99].

The formation of platinum hydride directly from the elements was first
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observed by Hirao et al. in 2008 [Hirao 08] at pressures above 27 GPa and
room temperature, although important properties such as hydrogen content,
equation of state or stability range remained unknown. This discovery, presented
on the 2008 AIRAPT conference, went largely unnoticed by the high-pressure
community. Also in 2008, a different study caught the attention of a wider
audience: Eremets et al. observed superconductivity in silane at pressures above
50 GPa [Eremets 08]. The XRD study showed the appearance of a new phase
at this pressure with drastically reduced volume. This new phase was indexed
in the P63/mmc spacegroup, corresponding to the hexagonally closed packed
structure. According to the silane stoichiometry of SiH,, the unit-cell of this new
phase would contain 8 hydrogen atoms, a density corresponding to free hydrogen
at pressures close to 500 GPa. The emergence of superconductivity was thus
interpreted as the formation of the superconducting ground state of hydrogen, as
predicted by Ashcroft [Ashcroft 04].

It was found shortly thereafter by a group at Edinburgh University that silane
decomposes at pressures above 50 GPa [Degtyareva 09]. Therefore, the structure
observed by Eremets et al. could not have been a densely packed phase of silane.
In order to measure apparent superconductivity in silane, electrical leads had to
be present in the sample volume in the experiment of Eremets et al.. As it turned
out, these leads consisted of platinum and it was speculated in [Degtyareva 09|
that the release of hydrogen due to decomposition of silane would lead to the
formation of platinum hydride from the electrodes. However, this was not proven

in the paper from 2009.

Therefore, a series of experiments on a platinum-hydrogen mixture were
conducted in order to verify the formation of platinum hydride and characterize
this material. This work was published in [Scheler 11b] and constitutes to date the
only experimental study of this material at pressures up to 50 GPa. However,
the dispute between Eremets et al. and Degtyareva et al. prompted several
theoretical studies, which were published in parallel to our experimental work
[Zhou 11, Kim 11]. More recently, further theoretical work on the noble-metal
hydrides was published [Gao 12]. Here, the authors used the by then well-
characterized PtH system to test the predictive stability of their approach.
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Re gasket

Figure 4.1: Optical micrographs showing a platinum loading. A) Open cell before
hydrogen gas loading. B) Closed cell at 10 GPa. Note the significant reduction
in volume due to the high compressibility of hydrogen.

In three experimental runs, platinum thin foil or powder (Alfa Aesar, 99.95%
purity) was loaded into a symmetric DAC (DC-type) with flat diamond culets
of 250 pm diameter!. The gasket was made from rhenium foil, originally 250
pm thick and thinned to ~30 um at the position of the gasket hole. A gasket
hole of 100-130 pm diameter was subsequently drilled using a YAG-NIR laser.
Hydrogen was gas-loaded to a pressure of ~1800 bar into the sample volume
before the cell was closed. XRD measurements were conducted at beamline 1D09
at the ESRF (see Table A.2). Pressure was measured using the ruby scale (see
chapter 3.2). During these experiments, the pressure range between 10 and 55
GPa was covered. Figure 4.1 shows optical micrographs of a typical loading with
thin foil before closure of the cell (A) and at ~10 GPa (B).

XRD patterns were collected using a large area MARS55 flat panel detector?
and processed using FIT2D [Hammersley 96]. Figure 4.2 shows XRD patterns
and integrated spectra of platinum and platinum hydride at various pressures.

At pressures below 27(1) GPa and room temperature, the fecc structure of pure

lcell preparation and data acquisition was mainly carried out by other members of the
Gregoryanz-group at CSEC, namely C. Guillaume and J. Proctor
2See www.marresearch.com
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Figure 4.2: Integrated diffraction patterns for platinum and platinum hydride at
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platinum is well resolved and stable (lower panel in Figure 4.2). In one of the runs
the platinum sample was embedded in solid hydrogen for the duration of several
days at 25 GPa but no reaction was observed. When pressure was increased to
above 27 GPa the diffraction pattern changed instantaneously (middle panel in
Figure 4.2). The new complex pattern contains signatures belonging to three
distinct phases: fce platinum and two different phases of platinum hydride
which we named PtH-I and PtH-II [Scheler 11b]. Both phases can be indexed
in hexagonal settings, PtH-I in the P321 spacegroup, PtH-II in the P63/mmc
spacegroup. Figure 4.3 shows a diffraction pattern taken at 34 GPa, showing all

three phases including calculated spectra for each individual phase.

— —— XRD pattern, 34 GPa

—Pt (Fm,m)
E a=38002' A
i ——PtH-l (P321)

a=3.1019%4 A, c=120812 A

——PtHII (P6,/mmc)
a=27836 A, c=4.7299 A

T T T T T T T T T T T T T T T T 1
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20 [deg] A=0.4149A

Intensity [arb. u.]
M|

Figure 4.3: Integrated XRD spectrum showing the mixed phase of platinum
hydride at 34 GPa. Thin lines are calculated spectra for the individual phases.

In one of our experimental runs, the PtH-I phase was visible up to 42 GPa.
At higher pressures, only PtH-II can be identified (upper panel Figure 4.2) and
remained stable up to 55 GPa, the highest pressure reached in our experiments.
Upon pressure decrease, PtH-II remained the stable phase down to ~20 GPa.
At lower pressures, PtH-I appeared briefly in an unmixed state, i.e. no PtH-

IT was present, before decomposing into fcc-Pt below 18 GPa. However, the
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observation of PtH-I was not easily reproducible as its formation seems to be
dependent on specific (and not further known) experimental circumstances. In
one experimental run, PtH-I was only observed up to 34 GPa and in a different

experiment this phase was not observed at all when increasing pressure directly

to 30 GPa from below 25 GPa. The irreproducibility of this phase rendered

characterization extremely difficult. Hence, there is no complete structural model

for this phase yet. Interestingly, none of the recent theoretical studies predicted

a phase similar to PtH-I or discussed its existence in any further detail.

Figure 4.4: 3D structural model of PtH-II (left). The unit-cell is indicated by

the wireframe. Right, for comparison the unit-cell of PtH-I for which the exact
structure remains unknown.

According to other metal hydrides where the metal host matrix forms an hcp
lattice (e.g. rhenium hydride, see chapter 4.2), we assume that hydrogen atoms
occupy the octahedral interstitial sites in phase II of PtH (see chapter 2.3). The
resulting structure is shown in Figure 4.4. The rather complex phase PtH-I is not
known from other hydrides and comparison is difficult. If a constant stoichiometry
is assumed for the transition between PtH-I and PtH-II, volume considerations
suggest 6 platinum atoms in the unit-cell of PtH-I and a tetrahedral occupation

of hydrogen in this structure, in analogy to the observed structure in niobium
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Figure 4.5: Equation of state of platinum hydride: Left shows pressure range of
experiments with data points from various runs. Open circles denote Pt-fec, red
diamonds PtH-II, the others PtH-I. Right shows the full pressure range between
0 and 200 GPa. Open squares are data from [Eremets 08|, there interpreted as
silane (see Table A.7). Solid black lines are fitted EoS for PtH-I, red lines EoS
for Pt, green dashed line combined EoS for Pt+$H, (see Table 3.1).

hydride [Fukizawa 83].

Fitting these unit-cells to the diffraction patterns allowed for the construction
of the equation of state in the observed pressure range. Results for PtH-II are
given in Tables A.3 and A.4, results for PtH-I in Tables A.5 and A.6. The
observed p-V relation for PtH-II was fitted with a Vinet EoS (see chapter 3.2)
and extrapolated to ambient conditions yielding a zero-pressure bulk modulus of
By=310(10) GPa (B, fixed to 5.08) and V,=17.33 A? (see Figure 4.5). Platinum
hydride thus appears to have a slightly increased bulk modulus compared to its
parent material (By=277 GPa). However, due to the fairly large extrapolation
from 20 GPa to zero pressure, the bulk modulus could be regarded as identical
to pure platinum. Nevertheless, a marginal decrease in compressibility could
be expected from the structural transition into the hexagonally closed packed

structure.
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Figure 4.6: A) Evolution of the volume difference between PtH-II and Pt with
pressure. B) Evolution of the ¢/a-ratio in the same pressure range. See Tables
A.3 and A4 for values.

Within the stability range of PtH-II the volume difference AV between PtH
and Pt varied between 1.90 and 2.25 A3 with an average value of 2.1 A% (Figure
4.6A). This corresponds very well to the average volume expansion observed
in other metal hydrides with octahedral hydrogen orientation (see chapter 2.2).
Furthermore, it has been observed in substoichiometric hydrides such as rhenium,
that the hydrogen content depends on pressure and that phase transitions do not
happen instantaneously. Therefore we conclude that PtH-II is a stoichiometric
monohydride. The volume difference measured in PtH-I, assuming 6 atoms in
the unit-cell, is in average AV=2.9 A3, again in good agreement with tetrahedral
occupancy of the hydrogen atoms. The ¢/a ratio was found to be larger than
the ideal value of 1.633 but to slightly decrease with pressure (Figure 4.6B).
This suggests that the hep lattice is not perfectly isotropic due to the uptake of
hydrogen. The lattice seems to relax with increasing pressure. However, since
interstitial hydrogen is mostly incompressible, this happens very slowly. It can
further be argued, that at pressures between 160 and 200 GPa, PtH-I becomes
unstable when the volume of interstitial hydrogen becomes larger than that of

free hydrogen.

The synthesis and characterization of PtH, in particular the novel, and
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apparently metastable, complex phase as well as the synthesis conditions extended
the understanding of synthesis conditions of metal hydrides in two ways: i)
Synthesis does not need to involve high temperatures and ii) considerably
higher pressures than previously accessed can facilitate the formation of hydrides
from parent materials which are highly inert under ambient conditions. For
the nitrides of platinum, iridium and osmium this was shown a few years
ago [Gregoryanz 04, Young 06], as well as for platinum carbide [Ono 05]. In
those cases, synthesis took place at pressures above 50 GPa and involved laser
heating to temperatures exceeding 2000 K. It was believed that kinetic barriers
would hinder the formation of any binary phase at room temperature and these
pressures. In the case of platinum hydride however, synthesis was observed at
room temperature and the thermodynamic equilibrium pressure can be assumed
to be slightly above 20 GPa. Another interesting difference is that in the case
of the metal nitrides, although the metals were significantly heated, only the
thin surface layer reacted to form nitrides [Young 06]. It was estimated (from
the relative intensity of the x-ray diffraction peaks of the nitride with respect
to its parent metal) that different nitrides were synthesized in very different
quantities but the amount of nitride was always less than the remaining parent
metal [Young 06]. In platinum however, the whole sample readily transforms into
the hydride phase. In our studies the Pt samples occupied from 15% to 75% of the
available volume above the solidification pressure of hydrogen (5.5 GPa). Even
in the latter case the whole platinum sample completely transformed into PtH

and no detectable platinum diffraction signal was visible.

The present characterization also revealed that it was indeed platinum hydride
that was observed by Eremets et al.. The data from [Eremets 08] is included in
Figure 4.5 (see Table A.7) and shows that the hydride formed from decomposed
silane is apparently not fully stoichiometric. This can be explained by a lack of
available hydrogen. Therefore it might be argued, that the presence of hydrogen
in the platinum host matrix mediates superconductivity. Theoretical calculations
have indeed revealed that PtH-II is superconducting with T, comparable to those
observed by Eremets et al. [Scheler 11b]. Unfortunately, this has not yet been

confirmed experimentally.
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4.2 Rhenium

Figure 4.7: Micrographs from different loadings (A: Au+H; at 50 GPa, B: Ir+H,
at 110 GPa) showing the extension of the rhenium hydride zone from the sample
volume into the gasket. This can be seen as a darkening of the gasket. In A), the
zone is indicated by the dashed white line.

A detailed study of rhenium hydride was not at the forefront of interest of this
work. Rhenium is widely used as a gasket material in high-pressure experiments
and rhenium hydride forms already at moderate pressures above 5 GPa at room
temperature. The formation of rhenium hydride in the gasket is therefore often
observed (see Figure 4.7) and is accordingly well studied (see chapter 2.3).
However, over the years, different approaches to synthesis and characterization
revealed first a higher hydrogen content [Atou 95] and later a different crystalline
structure from what was previously accepted [Kawamura 04]. Before the present
work, it was widely believed that rhenium hydride exists in the deficient anti CdlIs-
type structure with a hydrogen content between 0.36 < x < 0.4 and remains in
this state even at pressures exceeding 100 GPa. Most data on rhenium hydride
in the past was collected from the hydride formation in a rhenium gasket when
pure hydrogen filled the sample volume. In similar circumstances, we studied
the behaviour of gold under hydrogen atmosphere at pressures up to 45 GPa
and external heating up to 300 °C in order to reproduce the synthesis reported

by Antonov in 1982 [Antonov 82]. As a side effect we noticed a temperature-
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and time-dependence of the hydrogen solubility in rhenium and subsequently
undertook dedicated measurements in the rhenium-hydrogen system. The results
of this work have been published in [Scheler 11a].

In the first of two independent experiments, the formation of rhenium hydride
from the gasket material in a DAC was observed. In the second run, pristine
Re powder (Alfa Aesar, 99.99% purity) was loaded into a DAC. In both runs,
symmetric DACs were used and hydrogen was gas-loaded to a pressure of 1500
bar. The solid hydrogen also acted as the pressure transmitting medium. The
ruby pressure scale was used to measure the pressure inside the sample volume.
In the second run, the Re-gasket was sputter coated with gold in an attempt to
prevent the formation of rhenium hydride in the gasket. In order to allow full
hydrogenation, the sample was loaded and compressed to 15 GPa more than one
month prior to carrying out the x-ray measurements. The cells were heated in an
oven to temperatures between 150 °C and 300 °C for durations between 8 hours
and 20 hours. X-ray diffraction experiments were conducted at beamline 15 at
DLS. Synchrotron radiation at a wavelength of 0.4133 A (30keV) was collimated
by a stack of tungsten pinholes to obtain a beam diameter of approximately
20 pm. Angular dispersive powder diffraction patterns were recorded using a
MAR345 image plate detector. All data after heating were taken after the cells

cooled down to room temperature.

In both runs, before and after heating, the integrated diffraction patterns
clearly show the hep-like structure of rhenium hydride up to 46 GPa (Figure
4.8). Also in both runs, a difference in unit-cell volume between pure rhenium

and our sample was found, indicating the formation of rhenium hydride.

Before the first heating cycle, the weak superstructure reflections of the anti-
CdlI, structure were visible at 20 ~ 5.4° and 20 ~ 16.2° (see insets Figure 4.8).
These are the (001) and (003) forbidden reflections of the hcp lattice, first reported
for rhenium hydride in [Kawamura 04]. Figure 4.9A shows the development of the
first heating experiment®. In a first step (I), the sample was heated at 16 GPa in
an oven for 19 hours at 150 °C. Prior heating to 100 °C did not entail any changes.

3Note that the rhenium signal stems from the gasket and a strong pressure gradient is present
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Figure 4.8: Integrated diffraction patterns of ReH before and after heating (see
text). Insets show the disappearance of the superstructure reflections upon
heating. Green circles indicate fcc reflections from the Au coating.

A clear volume increase compared to rhenium hydride is observed (see Table A.8),
equivalent to a hydrogen content of x > 0.7. Upon pressure increase however, the
hydrogen content dropped significantly and reached x ~ 0.4 by 30 GPa. After
waiting at constant pressure and room temperature for 16h (II), the hydrogen
content recovered again to x > 0.7 and from there on stayed at this high level
(IIT). The two smaller values measured at intermediate pressures were derived
from data taken further into the gasket. When heating the sample to even higher
temperatures (300 °C, 8.5h (IV)), the volume difference dropped to the usual
level and remained there on pressure decrease (V) (Table A.9). During the final
heating cycle, the gasket hole had collapsed completely. The non-hydrostatic
ruby signal did not indicate a significant pressure drop and we were able to
detect the rhenium hydride signal from the gasket. In the second run, a similar
behaviour was observed in the hydrostatic sample. After heating the sample for

several hours at 200 °C, an increase in unit-cell volume was measured (see Table
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Figure 4.9: A) Measured volume differences in ReH formed in the gasket during
the initial experiment. For a detailed description see text. B) Volume differences
and according hydrogen content (z) of the first and second run compared to older
data (see [Scheler 11al). Data is listed in Tables A.8, A.9 and A.10.

A.10). Upon further pressure increase, the volume difference to pure Re increased
monotonously. The highest pressure reached in the second run was 35 GPa due
to diamond failure at this point. During the first heating cycles to 200 °C in both
cases it was found that the superstructure reflections disappeared (see Figure
4.8). Interestingly, the weak reflections appeared again after hole collapse in the
first run. The general effect of heating on rhenium hydride is shown in Figure
4.9B: Heating causes a hydrogen uptake beyond the hitherto known limitation of

x ~ 0.4, with a pressure dependent increase of hydrogen content.

In a third experiment, scanning x-ray diffraction microscopy (SXDM) was
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Figure 4.10: in-situ Scanning x-ray diffraction microscopy on rhenium hydride at
25 GPa. A) and B) show optical microscopy images of the sample at 17 GPa. C-
G) show SXDM scans of the are shown in B) tuned for different signals. The scale
bar on the left shows the colour-coding of the measured intensity on a relative
scale. C) Rhenium hydride in sample, D) Au-coating (note the comparably bright
background intensity), E) rhenium in gasket (only some parts of the gasket are
in Bragg condition for the detector), F) diffuse scattering, transmission (note
that the broken ruby sphere (see B) is almost invisible compared to rhenium) G)
rhenium hydride on the gasket rim. H) compound SXDM image using signals
from CE and G: Green is pure rhenium, yellow rhenium hydride in the gasket,
blue rhenium hydride in the sample (which has a different lattice parameter than
the hydride in the gasket).
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performed on the hydrostatic sample at beamline ID01, ESRF. To the best of our
knowledge, this is the first time, this technique has been used with a high-pressure
cell. SXDM has been recently developed after microfocused x-ray beams, fast
noise-free detectors and reliable sample positioning became routinely available at
synchrotron radiation sources ([Scheler 09] and references therein). By scanning
the x-ray beam across the sample and tuning a fast noise-free detector to a certain
scattering angle, the occurrence of a specific signal in the sample can be mapped.
This way, a 2D real-space map of the distribution of certain materials or phases
can be constructed. In this experiment, beryllium CRL’s were used to focus a
monochromatic beam of 15 keV to a diameter of ~1 pum. The fast noise-free
direct-illumination Maxi-Pix detector® was used for pattern recording. Figure
4.10 shows the result of the SXDM scan on rhenium hydride. Panels A) and
B) optical microscopy images of the sample. Panels C)-G) show SXDM scans
corresponding to the signal intensity at various diffraction angles during SXDM
scans. The angles were selected to detect the presence of the different phases in
the scan range. Interestingly, the Bragg peaks for the hydrostatic sample were
found at slightly lower angles than the hydride peaks from the gasket rim (see
difference between panels C) and G)). This clearly shows that a different form of
rhenium hydride is formed in the immersed sample. In fact, the diffraction signal

from the sample corresponds to a higher hydrogen content of x ~ 0.5.

Thus far, two key observations can be made: i) Heating at pressures above 15
GPa (possibly lower) causes a significant uptake of hydrogen to x > 0.5 and ii)
long immersion of a rhenium sample at room temperature and sufficient pressure

in hydrogen causes the hydrogen content to saturate at = = 0.5.

ReHg 36 exhibits a layered structure where hydrogen atoms occupy only every
second layer in the hep lattice [Kawamura 04]. This irregularity causes a slight
deviation of the rhenium atoms from their equilibrium position entailing the
emergence of the forbidden reflections. In accordance with the notation for other
metal hydrides, this anti-CdlIs-type structure of rhenium hydride is referred to
as the the e-phase here. The presence of the (001) and (003) superstructure

reflections in our data confirm that before heating our sample was indeed in the €;-

“http://www.esrf.eu/Instrumentation/DetectorsAndElectronics /maxipix
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phase (residing at pressure for more than one month). At this point we measured
a volume difference of 1.98 A3 per unit-cell or ~ 0.99 A® per metal atom (see Table
A.10 at 18.2 GPa), indicating a hydrogen solubility of z ~ 0.5. This is already
larger than the previously reported maximum solubility of hydrogen in rhenium
of x < 0.4. The increased hydrogen solubility in our sample can be explained
by the long hydrogenation time. Most previous experiments were presumably
performed on a time scale of a few hours between initial hydrogenation and
reaching the highest pressure. If slow kinetics hinder the immediate hydrogen
saturation, this would not be seen in those experiments. A hydrogen solubility

of x ~ 0.5 would also be the stoichiometric composition of ¢;-ResH.

15 20 25 30 35
Pressure [GPa]

Figure 4.11: A) Layered anti-Cdl, type structure of €;-ReosH. The arrows indicate
the displacement of the Re-atoms from their equilibrium positions in the hep
lattice (not to scale). B) NiAs-type structure of e;-ReH. The transparent blue
sheets depict hydrogen layers with available interstitial sites. In both figures, the
unit cell is indicated by the wire frame and circles around atoms belonging to the
unit cell. C) ¢/a-ratios measured for the e;-phase (upper) and es-phase (lower).
The single red data point was measured in rhenium hydride formed in the gasket.

After heating the sample to 200 °C at a pressure of 23 GPa, an increase in
volume difference to AV = 2.46 A% was measured, which is interpreted as an
increase in hydrogen solubility to x ~ 0.6. At this point the superstructure
reflections were not observable anymore, indicating an isomorphous phase-
transition into a structure where the hydrogen atoms randomly occupy all vacant

octahedral interstitial sites. This corresponds to a deficient NiAs-type structure
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and is denoted as the e; phase here. For a comparison of the two structures,
see Figure 4.11. The ey-phase with x = 1 would be the equivalent structure to
PtH-II. The ¢; — €5 phase transition is also evident in a change of the ¢/a ratio
of the hydride lattice parameters (Figure 4.11C). Pure rhenium has a ¢/a = 1.613
(close to the ideal value of 1.633) while €;-ReH.o4 has a pressure independent
c/a = 1.583 [Atou 95]. We measured ¢/a = 1.582(2) for the ¢;-phase and a lower
c/a = 1.573(2) for the ey-phase, both constant with pressure.

Upon pressure increase, the difference in unit-cell volumes between pure
rhenium and rhenium hydride and thus the hydrogen solubility increased further
to reach a level of © ~ 0.7 at 35 GPa in the second run. Data from the first run
up to 46 GPa showed a further increase to x ~ 0.85, the highest value reached
in this study and more than twice as high than the previously found saturation
limit (see Figure 4.9B). Linear extrapolation of z leads to the estimate of full
stoichiometry at pressures between 50 and 70 GPa. A continuous increase in
hydrogen solubility with pressure is not uncommon and can also be observed in
rhenium upon initial hydrogenation in the €;-phase. At room temperature, the
hydrogenation process in rhenium starts at 5 GPa and leads to saturation at 10
GPa with x ~ 0.4. Further increase of the hydrogen solubility to 0.5 might be

hindered by slow kinetics and is only observable with time.

The observation that the e; phase in Re-H is stable after cooling down to
room temperature suggests the presence of a large energy barrier preventing the
phase transition at lower temperatures. Heating to 300 °C for 8.5h at 46 GPa
decreased the hydrogen solubility to x < 0.4. At the same point the (001) and
(003) superstructure peaks appeared again, i.e. rhenium hydride transformed
back into the e;-phase (see Figure 4.9A). Upon pressure decrease, x remained
constant within the error of the experiment (non-hydrostatic conditions). One
explanation for the transformation from the ey- back into the e;-phase could be
pressure and temperature driven hydrogen diffusion further into the gasket. At
the point where the gasket hole collapsed completely due to hydrogen loss, the
central hydrogen supply was depleted and the hydrogen solubility would drop.
Below a certain limit (presumably x ~ 0.5) the hydride would then transform

back into the €;-phase. The drop in hydrogen content with pressure upon initial
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formation of the e,-phase at 16 GPa however, does not indicate a phase-transition.
It can be assumed that in this case, because excess hydrogen was still available,
the hydride remained in the e, phase even at low hydrogen contents. The decrease
can be explained by an extension of the hydride phase in the lattice due to pressure
increase. A larger volume of rhenium metal becomes available to the hydrogen
atoms and as along as the hydrogen content at the gasket rim is higher than the
saturation limit of the e;-phase no additional hydrogen diffuses into the metal,

causing the overall drop in hydrogen content.

This study shows, that kinetic effects can have substantial influence on the
formation of metal hydrides. In most cases, emphasis in experiments is given
to direct thermodynamic effects, i.e. that reactions occur immediately once the
equilibrium conditions for synthesis are reached (as e.g. in PtH, see previous
section). It should be noted here, that the increase in hydrogen content after
the transition into the €5 phase was interpreted as a pressure-driven effect. This
is not necessarily the case, as will be discussed in chapter 4.4. The time scale
on which the pressure increase took place could also be the intrinsic timescale
on which the transition happens. This theory is strengthened by a comparison
of the time scales in this experiment: Heating to 150 °C at 16 GPa for almost
20 hours caused a solubility increase of > 0.3. Heating at 23 GPa and 200 °C
for 8 hours increased the hydrogen content by ~ 0.15 and a further increase of
0.2 is measured during compression over a comparable time span. On this basis,
it can be argued that, once the conditions for the ¢; — € transition have been
reached, the hydrogen uptake progresses as long as the conditions are favourable,
independent of pressure, reaching full stoichiometry after a given time (from the

current data probably within 30 hours).

71



4.3. Tungsten

4.3 Tungsten

Tungsten is a widely used material in both industry and science. In high-pressure
applications it is particularly valued as a pressure calibrant and gasket material.
In the past, it was widely accepted that tungsten does not react with hydrogen,
even at very high pressures, and therefore was frequently used as a sealing material
in high-pressure experiments. However, it has been reported that the formation
of binary tungsten hydride can be observed when compressing pure tungsten to
above 25 GPa at room temperature in a dense hydrogen medium [Kawamura 05].
No further properties apart from the hcp metal host structure are given. We
therefore started our investigation with the aim of establishing the stability range,
hydrogen content, exact structure and equation of state of tungsten hydride.
Several experimental runs at synchrotron radiation sources were carried out
at pressures up to 115 GPa. TEM measurements on recovered samples were
performed in order to study the microstructure. Tungsten hydride turned out to
be a highly interesting material with a large synthesis-decomposition hysteresis
and a nanocrystalline microstructure. However, the equation of state was difficult
to address experimentally which led to a collaboration with the theoretical group
of Prof. Yanming Ma®. What experimentally appeared to be a very high bulk
modulus (see discussion below) was found to be the transition from a pure
monohydride into a mixed state with a fractional composition of (1 — y)WH
+ (y)WH, with y ~ 5. Although the implications of the computational work are
discussed here, for further reading and details on methods the reader is referred

to the accompanying manuscript®.

In four experimental runs, we loaded pristine tungsten powder consisting of
single crystalline grains, several microns in size (Alfa Aesar -325 mesh powder,
99.9% purity), together with hydrogen compressed to 2000 bar into symmetric
DACs. Even at the highest pressures reached in these experiments, the tungsten
sample was always surrounded by excess hydrogen. In three out of four runs we
used diamonds with 250 pm culets, in the fourth run we used 90 pm beveled

diamonds to achieve pressures above 1 Mbar. Pressure was determined using the

®The main computational work was carried out by Feng Peng and Yanming Ma, State Key
Lab of Superhard Materials, Jilin University, 130012 Changchun, P.R. China.

6See annex to this thesis. At the time of writing, the manuscript was submitted for
publication
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ruby scale up to 70 GPa and the calibrated hydrogen vibron shift above. As a
complimentary technique, pressure was also controlled by the diamond Raman
shift. Rhenium foil of 250 pm was used as a gasket material. Gasket holes of
around 50% of the culet diameter were drilled using a YAG infrared laser. The
final thickness of the gasket was measured to be 25 pum in the case of the larger
culets and ~15 pum for the beveled culets. Angle-dispersive x-ray diffraction
patterns using microfocused monochromatic synchrotron radiation were collected
at beamlines 115 (DLS) and ID09a (ESRF). MAR345, MAR5S55 and PerkinElmer
flat panel” detectors were used for data collection. TEM-samples were prepared
by focused ion beam milling and subsequent lift-out and transfer to a copper
TEM-grid. The finished samples had a thickness of 80-100 nm. TEM data was
collected at the Leeds Electron Microscopy And Spectroscopy centre, UK.
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Figure 4.12: Integrated XRD spectrum of tungsten hydride at 44 GPa (inset
shows 2D diffraction pattern). The green line denotes the result from a LeBail
fit. Tick marks indicate peak positions for cubic W (upper, blue) and hexagonal
WH (lower, red). The diffraction spectrum of platinum hydride at 43 GPa is
added for comparison (grey dashed line). Note the difference in peak width.

"See http://www.perkinelmer.com/pages/050/flat-panel-detectors/xrd-16-inch-field-of-
view-detectors.xhtml
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At pressures below 24 GPa, the diffraction patterns clearly show the bce
structure of pure tungsten. After increasing pressure to above 25 GPa, additional
peaks with significantly larger widths compared to the tungsten peaks appear.
These are extremely weak in the beginning and only increase in intensity with time
and pressure. Once strong enough, the peaks can be indexed in the P63/mmc
spacegroup confirming the observations by Kawamura et al. [Kawamura 05] and
Strobel et al. described in [Zaleski-Ejgierd 12]. Figure 4.12 shows a diffraction
pattern of tungsten hydride after only partial conversion of the sample, with the
Bragg peaks of bee tungsten still clearly visible. From volume considerations, a
hydrogen occupation of the octahedral sites and content of x < 1 can be assumed,
equivalent to the NiAs-type structure. Synthesis conditions and structure of
tungsten hydride are reminiscent of platinum hydride (see chapter 4.1), which
forms at pressures above 27 GPa and room temperature and exhibits the same

hydrogen ordering.

However, in contrast to PtH, the hydride formation in tungsten progresses
very slowly over time and the diffraction pattern of WH exhibits broadened Bragg
peaks (for a comparison see Figure 4.12). In one of our experimental runs, we
reached pressures of ~45 GPa within hours of surpassing synthesis conditions. At
this time, the sample has not been completely converted to tungsten hydride and
the sharp Bragg peaks of bee-tungsten are still clearly visible. It is evident that
the diffraction peaks of tungsten hydride are considerably broadened compared
to both its parent metal and another hydride synthesized under nearly identical
conditions. While increasing pressure seems to accelerate the hydrogenation
process, with time the whole sample fully transforms into the hydride also
at constant pressures. In one of the experimental runs the sample was left
at a pressure of 38 GPa for one month. Afterwards, the whole sample was
hydrogenated and no sign of bec-tungsten was detected. Zaleski-Ejgierd et al.
[Zaleski-Ejgierd 12] report a similar effect and were able to observe the bce-phase
of tungsten up to 80 GPa. Apparently, laser heating accelerates the transition

into the hydride phase.

In an SXDM experiment (see chapter 4.2), the transition can be clearly seen

(see figure 4.13). In particular, it can be seen, that only parts of the tungsten
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Figure 4.13: SXDM scans on tungsten hydride. A) Optical micrograph of the
loaded cell. B) SXDM scan (low resolution) shows formation of rhenium hydride
(green) from rhenium in the gasket (red). The tungsten signal is blue. C) SXDM
scan just after passing synthesis conditions. Very weak additional intensity is
visible in the tungsten sample. The intensity change below the horizontal line is
due to a storage-ring refill and hence a higher photon flux. D) High-resolution
SXDM of the sample showing tungsten hydride (blue) forming across the sample.
Still strong pure tungsten signal (cyan/white).

sample are in Bragg condition with respect to the incident x-ray beam. The
hydride on the other hand, although weak, can be seen everywhere in the sample,

indicating a more powder-like distribution of the crystallites.

On decompression, tungsten hydride was found to be stable to pressures far
below synthesis conditions. We observed decomposition reproducibly at pressures
between 8 and 9 GPa. The slow progression of the hydrogenation process,
its acceleration upon heating and the large hysteresis effect in decomposition
suggest the presence of a kinetic energy barrier preventing the formation at

lower pressures and faster hydrogenation. This would also corroborate the lower
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5 GPa

W

Figure 4.14: 2D XRD patterns at various pressures showing pure tungsten
(upper), mixed state shortly after surpassing synthesis conditions (second from
top), pure tungsten hydride at similar pressure after saturating for several weeks
(third from top) and tungsten after decomposition (lower).
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predicted pressure of formation for WH of only 15 GPa [Zaleski-Ejgierd 12].
We found that dehydrogenated tungsten still exhibits broadened Bragg peaks
compared to its original state. A comparison of diffraction patterns at various

pressures is shown in Figure 4.14. A very intriguing phenomenon can be seen in

Figure 4.15: XRD pattern of WH at 50 GPa. Note the streaks connecting areas
of higher intensity in the incomplete powder rings.

the diffraction patterns of tungsten hydride: Some of the high-intensity areas of
the diffraction rings seem to be connected by diffuse scattering streaks. Figure
4.15 shows an XRD pattern of WH at 50 GPa. Several streaks can be seen
connecting the diffraction rings. Various effects could be responsible for the
appearance of these streaks, but the most likely seems to be thermal diffuse
scatteing (TDS): While diffuse scattering in general is caused by any form of
disorder in an otherwise periodic crystals (such as atomic displacement, atomic
substitution or incommensurate structures [Baruchel 93]), TDS is caused by the
lattice vibrations of the crystal. Although often regarded as nuisance, when the

experiment aims at observing Bragg-reflections, it was suggested that TDS can
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be used to extract phonon-dispersion relations [Xu 05] and to visualize the Fermi
surface of the material [Bosak 09]. This in turn could allow direct access to various
properties of the material, such as the elastic modulus. However, in all reported
cases, single-crystal diffraction is crucial and the technique is not yet established
and stable enough. It was therefore concluded that further investigation in this

direction regarding tungsten hydride would most likely be unsuccessful®.

Figure 4.16: Opical micrographs of the tungsten hydride sample inside the DAC
for two different loadings. A) and C) show the hydride before, B) and D) directly
after decomposition.

Another interesting observation was made during the decomposition process
(Figure 4.16): A macroscopic movement of sample material can be clearly seen
in the sample volume. This is interpreted as the precipitation of dehydrogenated
tungsten during the decomposition process, direct evidence for hydrogen embrit-
tlement even on such a small scale and has its origin most probably in the modified

microstructure of tungsten hydride which is discussed below.

8The appearance of the TDS streaks has been discussed with several experienced researchers
both at the ESRF and CSEC and the consensus was that the data does not allow further
treatment or interpretation of the TDS signal.
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Figure 4.17: A-F) Preparation process of a TEM sample from recovered material
by FIB techniques (see text for details). G) Darkfield image showing an array
of elongated tungsten crystallites. H) Brightfield image of crystallites near the
surface with preferred orientation perpendicular to the TEM-section. I) Darkfield
image of small grains inside the sample. J) Electron diffraction pattern of
nanocrystalline tungsten. K) Electron diffraction pattern of a control sample.

79



4.3. Tungsten

We recovered such dehydrogenated tungsten samples from the diamond anvil
cells and used focused ion beam techniques to prepare TEM samples’. Figure
4.17A shows a SEM micrograph of the recovered gasket. The circle indicates the
position of the tungsten inside the rhenium, magnified view under 45° shown in
Figure 4.17B. The tungsten is subsequently excavated by FIB-milling, leaving
a vertical section (Figure 4.17C). The dark line on the left side of the sample
is the boundary between tungsten and rhenium. The section is then attached
to a micromanipulator needle using FIB-assisted deposition (in-situ soldering)
(Figure 4.17D) and transferred to a copper TEM sample holder (Figure 4.17E).
At this stage, the sample is ~500 nm thick. The final thinning to 80-100 nm
thickness is achieved by low-energy FIB milling. The finalilzed TEM-sample is
shown in Figure 4.17F. TEM brightfield and darkfield imaging revealed elongated
crystallites with shortest dimensions of below 20 nm (see Figure 4.17G-I). The
observed structure is similar to that of nanopolycrystalline diamond (NPD) which
also exhibits elongated crystallites with diameters of 10-20 nm and lengths of up
to a few 100 nm [Irifune 03]. This new form of artificial diamond was reported
to be harder than natural single crystalline diamond [Irifune 03, Okuchi 09].
Electron diffraction measurements on dehydrogenated tungsten further show that
the crystallites are not randomly oriented but follow a preferred orientation which
explains the observed texture in the x-ray diffraction patterns. In a control
experiment we prepared TEM samples from untreated tungsten. Both, TEM
micrographs and electron diffraction patterns (Figure 4.17K) indicate perfect

single crystallinity:.

This microstructure can be related to the observed broadening of the
diffraction peaks. As explained in chapter 3.3, peak broadening in x-ray
diffraction patterns during synchrotron-based high-pressure experiments can be
attributed to a mixture of strain broadening and size broadening. Due to
insufficient quality of the XRD spectra, a Williamson-Hall analysis did not yield
usable information. Therefore, we used the simple Scherrer formula (equation
3.15) to estimate the grain size observed in the x-ray experiments. The results
for tungsten hydride are shown in Figure 4.18. It is evident that strain plays a

significant role at higher pressures (indicated by the decreasing calculated grain

9Carried out at the LEMAS facility, Leeds, with M. Ward as local contact.
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Figure 4.18: Average grainsize of tungsten hydride calculated using the Scherrer
formula and the width of the (100) reflection. Data is shown for three independent
experiments. The shaded area shows an extrapolation to zero pressure.

At zero pressure, strain effects due to non-hydrostatic compression in the
DAC should vanish and the calculated grain size should be close to the actual
grain size. Indeed, when simply extrapolating the trends seen in Figure 4.18
to zero pressure, a grain size comparable to what is found in the TEM images
can be derived. It should be emphasized here, that the calculated values at high
pressures do not correspond to actual grain sizes. Since the results of the Scherrer
approximation for pressure increase as well as decrease are identical within the
error of the method, it can be assumed that the microstructure does not change
with pressure and that the observed microstructure in the recovered material
is the same that is present at high pressures, and therefore also in the hydride
phase. From the emergence of the broad diffraction peaks upon synthesis it can be
concluded that it is, in fact, the hydrogenation process that leads to the formation

of a nanomaterial.

On the basis of the presented data, the following hypothesis for the formation
mechanism of a nanostructured material during the hydrogenation process is

formed: The unusually slow progression of hydride formation (hindered by a
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large energy barrier), accompanied by a structural phase transition, and the
volume expansion during hydrogenation, creates significant stress between the
hydrogenated and non-hydrogenated parts of the tungsten sample. Starting
from the sample surface, hydrogenation slowly progresses into the material with
only a very small volume near the hydride boundary undergoing the transition
at any given time. With the release of local boundary strain, this leads
to the formation of nanometer sized crystallites. The long dimension of the
crystal grains found in our TEM studies is probably oriented along the hydride
boundary during synthesis. The decomposition pressure usually lies close to the
thermodynamic equilibrium of the system while the formation pressure lies higher
due to the dissociation barrier encountered by the hydrogen molecule at the metal
surface. Thus, once pressure is lowered below the equilibrium conditions, rapid
dehydrogenation occurs leaving the microstructure intact. The rapid, and for
a nanomaterial possibly rather violent decomposition could cause the observed
precipitates. As a consequence, dehydrogenated tungsten exhibits the same
microstructure as its binary hydride. It can be expected, that annealing at
high temperatures would lead to a realignment of the nanometer sized grains
and the formation of larger crystallites. Indeed, Zaleski-Ejgierd et al. seem to
have observed this exact effect when laser heating tungsten hydride to above
1000 K [Zaleski-Ejgierd 12]. Room temperature however does not appear to have
immediate or short term effect on the crystallite size. One of the samples studied
by transmission electron microscopy was residing at ambient conditions for several
months before TEM-sample preparation, while a different sample was recovered
from high pressure only a few days prior to TEM measurements. There were no

detectable differences in the microstructure between the two specimens.

Decreasing the grain size in materials down to a few tens of nanometers
often entails significantly altered material properties, and it is known that, as
the grain size decreases, the influence of interface and confinement effects on
the properties of a material increases [Uchic 04, Janssen 07]. As a result, a
nanostructured material might exhibit increased resistance to plastic deformation
[Veprek 10] or different chemical stabilities compared to macroscopic systems
[Fichtner 09]. In the case of metal hydrides, the grain size has profound impact

on (de)hydrogenation processes, the overall hydrogen content and the volume
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expansion of the metallic host lattice [Fichtner 09] due to interface stress between
the grains. It was found for example in ball milled nanoparticles of vanadium
hydride that the hydrogen content depends on the particle size [Orimo 01].
These possible nanometric effects make it difficult to compare tungsten hydride
to other transition metal hydrides, e.g. in terms of volume expansion as a
measure for hydrogen content, or to compare experimental with computational
results. The phenomenon of increased resistance to plastic deformation is often
summarized in the phrase “smaller is stronger” [Uchic 04] and can lead to an
increase in a material’s hardness by up to a factor of two [Veprek 10]. At
the particular length scale of ~20 nm (the “strongest size”) the macroscopic
hardness of a material is maximized [Veprek 10]. In contrast to the intrinsic
hardness, being governed by the bulk material’s elastic moduli, the extrinsic
hardness is mainly influenced by the microstructure, 7.e. crystallite shape
and size. The ideal grain size arises from two competing mechanisms; the
strengthening due to inhibited mobility of dislocations along crystallite interfaces
(Hall-Petch effect [Petch 53]) and weakening caused by increased grain boundary
shear [Veprek 10]. While the overall hardness of a material is usually tested
using micro-indentation techniques, it has been shown in the past that high
hardness is in many cases accompanied by high values of bulk and shear moduli
[Fichtner 09, Berube 07, Veprek 10, Solozhenko 05]. However, at high pressures,
where indentation techniques can not be applied, the hardness of a material is
extremely difficult to address, with the bulk modulus - as a parameter in the

material’s equation of state - being the only easily accessible indicator.

A Vinet-type equation of state was therefore fitted to the x-ray diffraction data
(see Figure 4.19). The EoS-data is listed in Tables A.11-A.14. Two cases had to be
distinguished: While in some of the experimental runs the hydrogenation time was
long enough and the whole sample was transformed, in others the measurements
were conducted directly after passing synthesis conditions resulting in not fully
transformed samples. In the data this is reflected in a slight unit-cell volume
difference. Since WH does not exist below 8 GPa, the equation of state can only
be established to this pressure. The resulting bulk moduli are 536 GPa (fully
transformed samples) and 480 GPa (not fully transformed samples), respectively.

However, in order to compare with other materials, extrapolation to 0 GPa is
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Figure 4.19: PV-data of tungsten hydride (see Tables A.11-A.14). Data were
taken in both, compression and decompression. The EoS of tungsten is calculated
from literature values (see Table 3.1). For WH, two separate Vinet-type EoS were
fitted to the data from fully transformed (black squares and green downward-
triangles) and partly transformed (blue triangles and red circles) tungsten
hydride. Both EoS were fitted with fixed B’ = 4 (equivalent to pure tungsten)
and yielded 500(12) and 468(20) GPa, respectively. With B’ = 5.1, the resulting
bulk moduli were 476(12) and 410(20) GPa.

necessary. The zero-pressure bulk modulus of the fully transformed samples
was found to be 500(12) GPa, while for the not fully transformed samples, the
resulting equation of state yielded a zero-pressure bulk modulus of 468(20) GPa.
In the former case, the maximum pressure was 50 GPa, reaching a compression
of only ~10%. This compression range is not sufficient to confidently constrain
the bulk modulus. Nevertheless, given the results from the not fully transformed
samples, for which the EoS was measured up to a pressure of 115 GPa, the bulk
modulus can be constrained to above ~460 GPa, surpassing all known compounds

synthesized at high pressure and even diamond.

The finding of such a high bulk modulus in WH, more than 150 GPa higher
than pure tungsten (see Table 3.1), is a very unusual result. Therefore, its validity
has to be discussed in detail. The construction of the equation of state depends on
the assumption of constant stoichiometry with increasing pressure. As discussed
in chapter 3.3, the determination of the hydrogen content at any given pressure

depends on the assumption that the compressibility of the hydride is identical to
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that of the parent material. In other words, the two properties compressibility
and hydrogen content, both measured as a function of the unit-cell volume, are
not independent parameters. It is thus not possible to validate the equation
of state as long as the hydrogen content is not known. Vice versa, it becomes
difficult to make any statements about the hydrogen content at higher pressures.
Furthermore, the empirical method of determining the hydrogen content has only
been proven valid for macroscopic bulk material. In nanocrystalline materials,
interface stress between the grains has an influence on the volume as well which

poses an additional difficulty in addressing the hydrogen content.
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Figure 4.20: Results from the 3rd experimental run (see Table A.14, black squares
in Fig. 4.19). A) Equation of state with Vinet fit (green dotted line) and guide
to the eye (black line). B) Evolution of volume difference compared to tungsten

with pressure. C) ¢/a ratio and D) lattice parameters vs. pressure. The vertical
dashed line indicates synthesis pressure.

The extremely low compressibility could be attributed to a size-effect of the
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nanocrystalline microstructure. However, the quality of fit is not convincing,
showing deviations at lower and very high pressures. The best-quality data was
collected during an experiment in October 2011 (see Table A.14). Although only
a maximum pressure of 50 GPa was reached, it was possible to decompress from
there to 16 GPa, then increase pressure again to 32 GPa and finally decompress
to below the decomposition pressure. It was therefore possible to cross synthesis
conditions in the hydride phase in both compression and decompression. The
results of this single experiment are shown in figure 4.20. The data show a clear
change in behaviour above synthesis conditions, independent of whether this point
is crossed in compression or decompression. Below 25 GPa, both AV and ¢/a-
ratio are constant, but change at higher pressures. Figure 4.20A) in particular
shows a comparison of the result of a Vinet-fit to the data and a guide to the eye,
indicating the clear change in behaviour above 25 GPa. Due to the insufficient
quality of other experimental data this observation could not be reproduced.
In particular, the results from the experimental run reaching 115 GPa are less
reliable due to the fact that the sample was not fully transformed below at least
80 GPa.

Therefore, ab-initio calculations were employed to target crystalline structure,
hydrogen content and equation of state. Similarly to [Zaleski-Ejgierd 12] the hcp
structure of WH was found to emerge as thermodynamically stable at pressures
above 20 GPa. Furthermore, WH, appears as stable against decomposition into
W+%H2. At pressures below 50 GPa, WH; would assume the P63/mc structure,
above the Pnma structure. Interestingly, the Pnma phase also appears to be
metastable, i.e. stable against decomposition into WH+%H2. Both phases are
very similar to the hcp structure of WH where hydrogen atoms occupy the
octahedral interstitial sites. In the P63/mc arrangement of WH,, tungsten atoms
occupy the same hexagonal lattice points as for hcp-WH, but in addition to the
octahedral sites, hydrogen atoms also occupy half of the available tetrahedral
sites (2 per W-atom). The predicted Pnma structure is that of a slightly distorted
hexagonal arrangement of the tungsten atoms. A transition between these phases
therefore does not require a major rearrangement of the metal host lattice and

thus, WHy might form in addition to WH at higher pressures.
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Figure 4.21 shows the predicted equation of state for WH and PV-points for
a mixed phase (1 —y)WH + (y)WH, (y = %) in addition to experimental data.
The computational EoS does not show a significant change in compressibility from
pure tungsten. Comparison indicates that at pressures below 25 GPa (synthesis
conditions), the sample seems to be purely tungsten monohydride. At pressures
between 25 and 50 GPa, the volume deviates from the ideal equation of state,
prompting an additional uptake of hydrogen and beginning occupation of the
tetrahedral interstitial sites in the P63/mc lattice. This can be described as a
mixture of WH and WHy where all octahedral sites but only few tetrahedral
sites are occupied. At pressures above 50 GPa, tetrahedral occupation seems
to saturate at ~17% (= y/2). Even with time (some of our samples resided in
this pressure region for several weeks), no higher hydrogen content seems to be
reached. The lower volume in not fully transformed samples can be explained by

a lower hydrogen content, probably due to a deficient filling of the octahedral sites.
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Figure 4.21: Pressure-Volume data of tungsten hydride. The solid line indicates
the computational equation of state for WH. Open circles denote calculated PV
points for WHs, open diamonds for a fractional mixture of % WH and % WH,.
The dashed line is a guide to the eye. Solid symbols are experimental unit-cell
volumes fitted with a hexagonal cell. Computational data courtesy F. Peng
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From the computational results it can therefore be concluded that nanocrys-
talline tungsten hydride does mot have a higher bulk modulus (as initially
indicated by a simple Vinet fit to the data). It seems that in an intermediate
pressure range, hydrogen atoms can occupy tetrahedral sites to a certain extent,
depending on the applied pressure. This mechanism is hysteresis-free since
atomic hydrogen can readily move from octahedral to tetrahedral sites and the
dissociation barrier is overcome at above 25 GPa. At lower pressures, only
octahedral sites are occupied because no additional hydrogen can be incorporated

due to the dissociation barrier.

After platinum hydride, tungsten hydride exhibits the highest pressure of
formation (25 GPa) for any interstitial transition-metal hydrides between the Cr-
group and Cu-group elements. In contrast to PtH, tungsten hydride does not
form instantly. A kinetic energy barrier hinders the transition and it requires
at least several days for the whole sample to transform into the hydride phase
at room temperature. The slow progression of hydride synthesis is suggested to
be responsible for the transition from a coarsly grained or even single crystalline
parent material into a nanomaterial. The change in microstructure as well as
variable pressure-dependent hydrogen uptake could have potentially significant
consequences for high-pressure experiments where tungsten is employed as a

sealing material in experiments involving hydrogen.
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4.4 Iridium

Iridium belongs to the group of elements for which no hydride phase was known.
Resistivity measurements suggested that very small amounts of hydrogen might
be absorbed (z ~ 0.005) at pressures around 9 GPa and a temperature of 150 °C
[Verbetsky 00]. However, this is not commonly accepted as the formation of
a bulk hydride. From the formation of the nitrides of iridium and osmium at
conditions similar to the formation of platinum nitride [Young 06], it might be
expected that an equivalent behaviour could be observed for hydrogen. However,
although platinum hydride forms at pressures above 27 GPa, no formation of
iridium hydride was observed in initial experiments at room temperature and

pressures up to 50 GPa.

Figure 4.22: Optical micrographs of an open cell with iridium before hydrogen
loading (left) and the closed cell at 110 GPa (right).

In a series of experiments reaching pressures of up to 125 GPa the formation of
a novel phase in iridium surrounded by hydrogen was observed at pressures above
55 GPa. The new phase can initially be indexed in the Pm3m spacegroup (simple
cubic) and exhibits a drastically reduced bulk modulus compared to pure iridium.
Volumetric considerations combined with ab-initio calculations'® identify the new

phase as IrH; with hydrogen atoms occupying the 3¢ positions in the cubic metal

10Calculations were performed by Miriam Marqués, MALTA-Consolider Team, Spain, and
University of Edinburgh and CSEC, UK. Here, only the implications of these calculations are
discussed. For further details the reader is referred to the annexed manuscript (presubmission
state at time of writing).
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host lattice, a structure that has not yet been observed in this group of elements.
This also makes iridium hydride the material with the highest hydrogen content of
all known noble-metal hydrides, and the one with the highest synthesis pressure
yet. Both, formation and decomposition were observed to be extremely slow,
happening over a time period of several days. On decompression, the hydride
phase was observed at pressures as low as 6 GPa. High temperature accelerates
the formation which indicates the presence of a high kinetic energy barrier. The
low decomposition pressure and slow kinetics of the reaction suggest that the

material can be quenched to ambient pressure at low temperatures.

(A 64Gpa—01h|3 64GPa—17h 95 GPa - 18.9 h

)

108 Gpa - 65.1 h [@ . 114 GpPa - >550 h @ . 114 GPa - >550 h
- . before LH after LH

Figure 4.23: 2D XRD patterns of iridium hydride. The given times are hours
after passing 55 GPa. The red arrow indicates the (001) peak of simple cubic
iridium hydride, the green arrow in E) and F) indicates the (111) peak of fec
iridium. Additional weak rings in this area stem from rhenium hydride.

In three experimental runs, we loaded symmetric diamond anvil cells with
pristine iridium powder (Alfa Aesar, 99.9% purity) and hydrogen precompressed
to 2000 bar. In two cases, flat diamond culets of 200 pym diameter, in the third
case beveled diamonds with a top culet diameter of 90 um were used. The
gasket material was rhenium. Gasket holes were laser drilled and in the case
of the beveled diamond run FIB-techniques were employed. The FIB-drilled
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4.4. Iridium

gasket hole shows superior shape-stability up to very high pressures and allowed
high-quality XRD-measurements to be carried out even at pressures reaching
125 GPa. Figure 4.22 shows the development of the gasket hole with pressure.
The ruby fluorescence scale was used at pressures below 70 GPa. Above, the
calibrated hydrogen vibron scale was used in conjunction with the diamond
Raman scale. Single-sided laser heating was used to study the reaction kinetics.
XRD-measurements were carried out at 115 (DLS), ID09a (ESRF) and P02.2
(PETRA-III).

14 4

- 105

—_
N
1

- 95

—
o
1 "

2 —
£ [ =
g 8- 9
g , 9
= ? L85

>
2 6- F 2
B * - 8
D o
o

- 65

Time [h]

Figure 4.24: Ratio of intensities between the (111) peak of iridium and the (001)
peak of iridium hydride. The dashed line denotes an exponential fit to the data
up to t = 50 h. The red solid line indicates the pressure (right scale). Data is
listed in Table A.15.

The three experimental runs had three complimentary goals: Run-1 used
flat 200 pm diamonds which allowed to reach pressures between 60 and 70
GPa. Despite experimental difficulties at beamline P02.2 (PETRA-II)*, we
were able to reach 60 GPa and observed the appearance of extremely weak new
reflections. The new peaks gained intensity with time but remained extremely
weak (comparable to Figure 4.23B - from the second run). After the experiment,

the cell was kept at pressure and measurements were continued two months later

"1 The beamline only became operational a few weeks prior to our experiments
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4.4. Iridium

at beamline 115 (DLS). However, pressure had dropped over time to ~ 50 GPa.
The new phase was clearly visible but still weaker than the parent fcc-phase of
pure iridium. On decompression, the phase remained stable and did not show any
signs of decomposition down to 23 GPa at which point diamond failure occurred
and the sample was quenched to ambient conditions. Although the diamond
culet was still intact (ring crack around the culet), the sample hole had collapsed
entirely and it was not possible to detect any signal besides rhenium and traces

of pure iridium.
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Figure 4.25: Effect of laser heating. A) Scattering intensity of the strongest fee-Ir
peak. B) Relative change of the widths of the observed iridium hydride peaks.
The red dashed line denotes the laser out power (right scale). Data is listed in
Tables A.16 and A.17.

Run-2 employed beveled diamonds and a gasket specifically prepared by
focused ion beam milling in order to reach the highest possible pressures.
Synthesis conditions were confirmed by XRD at beamline ID09a and the first weak
signature of the new phase was detected at 60 GPa. Over the period of three days,
pressure was increased in steps up to 108 GPa with times of constant pressure
between increases (Figures 4.23A-D). The process of formation was monitored
over time by comparing the scattering intensity of the (111) peak of fec-Ir and
the strongest peak of the new phase (red arrows in Figure 4.23) . The result
is displayed in Figure 4.24. It can be clearly seen that the transformation of
the sample accelerates exponentially during the first 50 hours of the transition
process, independent of pressure. Afterwards, the transition slows down. Run-
2 was continued 3 weeks later at beamline P02.2. Even after that time, the

sample was not completely converted and small portions of iridium remained
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4.4. Iridium

(a ratio of 13-15 was measured). We therefore applied gentle single-sided laser
heating to the sample. The higher temperatures should allow the sample to
overcome kinetic barriers and complete the formation. This was indeed observed
as can be seen in Figure 4.23E-F. Comparably low laser power of below 6 W was
sufficient to reduce the scattering intensity of the remaining Ir signal resulting

in a complete conversion within 12 minutes (Figure 4.25A). The sample was not
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Figure 4.26: Integrated spectrum of iridium hydride at 126 GPa, after laser
heating. The additional peaks are rhenium hydride. Tick marks show calculated
peak positions for spacegroup Pm3m with a = 2.5856 A.

observed to glow and thus temperature measurements were not possible. It can
only be assumed that the temperatures were below 1000 K. It was also observed
that the widths of the diffraction peaks were reduced at laser powers above 3 W
(Figure 4.25B). This suggests that, above a certain temperature, internal strain
or disorder in the new phase is released or a possible microstructure is annealed,
forming larger crystallites (analogue to the process observed in tungsten - see
chapter 4.3).

Pressure was increased to 125 GPa and no fee-Ir signal could be detected at
this point. The resulting spectrum was used to identify the host structure as

Pm3m (simple cubic) - see Figure 4.26. Earlier XRD experiments at 115 and
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ID09a were carried out at lower photon energies and did not resolve any peak
above the (112) reflection. Thus, the structure was at first mistaken for a bec-
phase. It should be noted here that the peaks show different widths, which was
difficult to interpret at this point. This is discussed in further detail below.

Run-3 was intended to study two aspects of this material: i) Formation
kinetics and ii) equation of state and stability. For this reason, flat diamonds
of 200 pum culet size were used again in order to reach synthesis conditions but
also facilitate decompression. Pressure was increased to 50 GPa and kept there
for two weeks. No signs of synthesis were detected. At 55 GPa, a weak signal
was measured and at this point single-sided laser heating? was employed at
constant pressure to accelerate the formation process (see Figure 4.27). Due
to insufficient coupling between the laser and the sample no direct effect was
observed for the first few hours and it can be seen that the transformation
process is almost identical to what is observed at room temperature and variable
pressure. Once good coupling of the laser to the sample was established, fast
transformation was observed and within less than 30 min, the sample had almost
completely converted (see inset in Figure 4.27). The d-spacing of the (001)-peak
remained almost constant during the heating process, which indicates that no
significant change in stoichiometry or pressure took place. Unfortunately, only
incomplete transformation was achieved because the sample moved during the
heating process and was afterwards in contact with the rhenium gasket which
acted as a heat dump. On decompression, the simple cubic phase remained
visible to pressures as low as 6 GPa although the relative scattering intensity
decreased throughout the decompression process (Figure 4.28). From the data it
is not conclusive whether the decrease in scattering intensity is due to pressure
or a kinetic effect with time. However, a more rapid decomposition can be
observed below ~16 GPa indicating that this marks the decomposition pressure.
Interestingly, no decrease in scattering intensity was noted in the previous run-1
(diamond failure at 23 GPa), where the relative composition was always below
the level of what was reached in run-3. It can be argued that a fully converted
sample might not show any signs of decomposition at pressures above 16 GPa. If

it is assumed that the speed of decomposition below 16 GPa is governed by kinetic

12Laser heating experiments were carried out by Zuzana Kondpkovd, beamline P02.2
(PETRA-III)
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Figure 4.27: Relative Intensity of the (001) peak of iridium hydride compared
to Ir-(111) at constant pressure and laser heating (black squares) and at room
temperature (red diamonds - see Figure 4.24). Inset shows enlargement of the

time-span between 3 and 7 hours after passing synthesis pressure. Data is listed
in Table A.18.

effects, then i) decomposition is a slightly faster process than formation and ii)
the sample might be recovered to ambient pressure during a fast decompression
process. Furthermore, if higher temperature accelerates the formation process,

low temperature might hinder decomposition below 16 GPa.

The combined data from all three runs allowed for the construction of the
equation of state in the pressure range from 6 to 125 GPa. The EoS was fitted to
a Vinet function resulting in a zero pressure volume of Vy = 23.33 A®. The bulk
modulus varied between 190 and 230 GPa, depending on the choice of B’. Table
4.1 shows the detailed results and Figure 4.29 displays the equations of state of
iridium and the simple cubic hydride phase.

As can be seen from the equation of state, the new phase has a significantly

increased atomic volume compared to the parent metal but at the same time a
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Figure 4.28: Relative Intensity of iridium hydride during decompression (black
squares) in run-3. The red diamonds are data from previous run-1. The thin
dashed line links pressure to time after decreasing pressure to below synthesis
conditions (right scale). The grey vertical line indicates the pressure/time at

which a more rapid decrease in scattering intensity was noted. Data is listed in
Table A.19.

drastically reduced bulk modulus, almost half of that of pure iridium (383 GPa
[Cynn 02]). No other hydride is known to exhibit a simple cubic metal host
lattice. Comparison with other metals is therefore not applicable. The simple
cubic lattice only offers one interstitial site, the 1b position, corresponding to the
body-centered location in the unit-cell. However, the volume of this interstitial
site is much larger than for the octahedral and tetrahedral sites in closed-packed
structures. For hydrogen atoms occupying this location the interaction with
the metal host lattice would be weaker and a correspondingly smaller lattice
expansion should be measured. In the present case however, AV > 9 A3 was
found at zero pressure. Such a large volume expansion can not be explained by
single site occupation of the 1b position, even if a hydrogen molecule is considered.
Simple volumetric considerations thus suggest a hydrogen content of z = 3 and
lead to the initial assumption of hydrogen atoms occupying the 3¢ sites (see

Figure 4.30), corresponding to face-centered positioning of hydrogen atoms.
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Table 4.1: Results of the Vinet fit to EoS.
Refined parameters By [GPa] B’

By and B’ 190(3)  5.62(11)
By only 205(1) 5 (fixed)
By only 231(1) 4 (fixed)

Decomposition complete 6 GPa

Onset of decomposition 15-20 GPa

Synthesis 55 GPa

0 +—+—r—v1r——F1FT—T"—T"—T"——
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Figure 4.29: EoS of iridium hydride (red circles) and pure iridium (black squares)
between 6 and 125 GPa. Solid lines are calculated EoS (for Ir see Table 3.1). The
EoS parameters for iridum hydride are Vy = 23.33 A3, By = 190 GPa, B’ = 5.62.
Data is listed in Tables A.20-A.22.

However, there is no experimental proof for this assumption. For this
reason, ab-initio calculations were carried out on this material. The results of
these calculations confirm IrHj as the most likely stoichiometry. Assuming the
Pm3m spacegroup (Ir atoms located on the la sites), the according pressures
for varying hydrogen occupations were calculated. From simple volume-pressure
considerations the structures with H-atoms located on 10 and 3d sites can be
disregarded: Taking the experimentally measured volume per atom at 81 GPa (V
= 18.59 A?’), the calculated pressures for both structures are too low or too high
at -0.5 GPa and 324.6 GPa, respectively. Good agreement (98.5 GPa) is found
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Figure 4.30: Suggested Pm3m structure of iridium hydride, with hydrogen atoms
occupying the 3¢ position.

for the structure with hydrogen atoms occupying the 3¢ sites (equivalent to the
initial assumption). For this structure, the calculated parameters for the equation
of state are, V(=23.291 A3, B;=249.9 GPa, B}=4.32. The calculated EoS thus
lies above the experimentally observed (see Figure 4.31A). When constraining
B’ = 4 in fitting the equation of state to our experimental data, a bulk modulus of
By = 231 GPa is found, closer to the computational result. However, the quality
of fit deteriorates drastically, rendering this value significantly less plausible. It
is possible that the synthesized hydride is not fully stoichiometric which would
result in a lower volume. Although a deviation from ideal stoichiometry at higher
pressures can not be excluded, it does not seem likely. Even if site vacancies exist

in the synthesized material, the H:M ratio would still be very close to 3.
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Figure 4.31: A) Calculated (blue dashed line) compared to measured equation
of state. B) Total energy calculations of iridium hydride against decomposition
(courtesy Miriam Marqués).
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Interestingly, the Pm3m structure appears to be neither energetically favourable
nor dynamically stable. Figure 4.31B shows the enthalpy difference of various
possible hydride structures against decomposition. It can be seen that, at
pressures below 65 GPa, the Pna2, structure with 4 metal atoms per unit-cell is
energetically favourable and, as it turned out, also dynamically stable. It becomes
unstable against decomposition into iridium and molecular hydrogen at pressures
below 20 GPa, in good agreement with the onset of decomposition observed
experimentally. This structure can be seen as a slightly distorted simple cubic
lattice in which the positions of the iridium atoms deviate from their equilibrium
positions in a simple cubic cell. This leads to a splitting of Bragg peaks into
doublets or triplets in the diffraction pattern, which offers a possible explanation
for the observed difference in peak width (see Figure 4.26). A Le Bail fit of the
Pna?2; spacegroup is in good agreement with experimental data at 125 GPa and
also agrees with the initial indexing in a simple cubic phase (see Figure 4.32).
Additional visible reflections not accounted for in the Pna2; structure can be

identified as rhenium hydride.

Table 4.2: Calculated parameters for the Pna2;-structure at 60 GPa
Parameter Value

a 3.78707 A

b 3.98280 A

c 5.47426 A

B,y 90°

Atom Site Fractional coordinates (x,y,z)
Ir 4a 0.46417, 0.50267, 0.22593

H 4a 0.30900, 0.69722, -0.03158

H 4a 0.75778, 0.78019, 0.54176

H 4a 0.01244, 0.57245, 0.26057

Table 4.2 shows the calculated parameters and atomic positions for the Pna2;
structure at 60 GPa. The actual distortion of the lattice might be smaller than
predicted computationally due to kinetic effects. At pressures above 65 GPa,
a different structure (Pnma spacegroup) emerges as dynamically stable and
energetically favourable. This structure, which still exhibits a H:M ratio of 3,
can not be treated as a distortion of the simple cubic lattice. For a comparison

of atomic positions in the Pm3m, Pna2, and Pnma structures, see Figure 4.33.
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Figure 4.32: Le Bail fit (green solid line) of the Pna2; structure to experimental
data at 125 GPa (red crosses). The derived lattice parameters are a = 3.6183
A b =3683 A, ¢ = 51674 A, giving a volume of V,, = 17.2173 A3, Tick
marks indicate principal reflections of this space group. However, due to internal
symmetry, some reflections have zero intensity. For comparison, a simple cubic
lattice (Pm3m) fitted to the same data yielded a lattice parameter of a = 2.5823
A, giving a nearly identical volume of Vi, = 17.2195 A3,

Details of the Pnma phase are given in Table 4.3.

No experimental evidence is found for this phase in our data up to 125 GPa.
It can be assumed that, similarly to other hydride phases, the formation is
hindered by an energy barrier, which also accounts for the large hysteresis between
synthesis and decomposition pressure in the cubic phase. The observed change
in compressibility between the hydride and the parent material can be explained
on the basis that the hydrogen atoms are positioned directly on the crystalline
planes of the metal lattice and thus influence its mechanical properties. Figure
4.34A shows a comparison of the equations of state of pure iridium and iridium
hydride to very high pressures. It can be seen that the volume difference stabilizes
at ~ 4.725 A3, corresponding to ~ 1.575 A3 per hydrogen atom. Applying the
hydrogen equation of state (see chapter 3.2) one finds this to correspond to free
hydrogen at ~ 250 GPa.
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Table 4.3: Calculated parameters for the Pnma-structure at 120 GPa
Parameter Value

a 3.46685 A

b 3.46582 A

c 5.95841 A

a,Byy 90°

Atom Site Fractional coordinates (x,y,z)
Ir 4c 0.24575, 0.25, 0.08289

H 4c 0.12279, 0.25, 0.60209

H 8d 0.62608, 0.03759, 0.68183

Figure 4.33: Atomic positioning in the Pm3m-structure (left), Pna2;-structure
(middle) and Pnma-structure (right). Larger red spheres denote iridium atoms,
smaller blue spheres hydrogen atoms.

Therefore, hydrogen atoms are not as incompressible in this structure as they
are in interstitial hydrides. Although hydrogen appears to be precompressed
at lower pressures, the equivalent hydrogen pressure never surpasses 250 GPa.
This finding is interesting regarding the prediction that chemically precompressed
hydrogen might undergo metallization at experimentally accessible pressures
[Ashcroft 04].  Figure 4.34B shows AV for IrHs compared to the hydrogen
equation of state for 3 hydrogen atoms. The evolution of AV with pressure can be
interpreted as the equation of state of the confined hydrogen. It can be seen that
the observed curve approaches the equation of state of free hydrogen and crosses
it at ~250 GPa. It can be expected that the structure will decompose once the

volume of the confined hydrogen becomes larger than that of free hydrogen at
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Figure 4.34: A) Comparison between experimentally derived EoS for iridium
hydride and iridium. B) Volume difference between Ir and IrHs in comparison to
the hydrogen equation of state (here for 3 hydrogen atoms). The red dashed line
denotes a guide to the eye for the evolution of AV.

this point.

IrH3 has the highest hydrogen content of all noble-metal hydrides, the highest
synthesis pressure and a structure unknown for any other hydride. Formation and
decomposition are governed by slow kinetics which may stabilize the material at
ambient pressure and low temperatures. It has a drastically reduced bulk modulus
compared to pure iridium due to the confined hydrogen being non-interstitial and
as such being able to influence the metal lattice. Theoretical calculations show

iridium hydride as a metal, although this is not proven experimentally.

102



4.5. Copper

4.5 Copper

The following section contains a brief summary of our findings on copper hydride.
For a more detailed report, the reader is referred to the master thesis by Christian
Donnerer and the accompanying publication (see annex to this thesis). The
primary goal was to replicate the cubic phase of copper hydride reported in
[Burtovyy 04]. There seemed to be a dispute in the community as to whether
this form of copper hydride exists or not. In preliminary experiments, we found
pure copper to react with hydrogen at pressures between 18 and 20 GPa to form a
hexagonal phase of copper hydride, not the cubic phase observed in [Burtovyy 04].
However, from private communications with M. Tkacz, co-author of the paper
from 2004, it appeared as if copper showed some kind of memory effect in
hydrogenation: If the metal had been in the hydride phase and subsequently
dehydrogenated, it would form under equilibrium conditions not the hexagonal

but the cubic phase.

In two experimental runs, we loaded copper thin foil (Alfa Aesar, 99.8%
purity) into symmetric diamond anvil cells with 300 pm culets and gas-loaded
hydrogen to a pressure of 1800 bar. Rhenium was used as gasket material and
ruby for pressure measurements. In two independent runs, pressure was increased
to 50 GPa, released to below 10 GPa (when the decomposition of the hexagonal

phase was observed) and increased again to 20 GPa.

A closer analysis of the hexagonal phase showed that the structure formed
under equilibrium conditions in the DAC was not the wurtzite structure of
chemically synthesized copper hydride: Weak superstructure reflections of the hep
lattice were found indicating a structure similar to rhenium hydride (see Figure
4.35).  Volumetric considerations suggest fully stoichiometric anti-Cdl,-type
CuyH. The phase transition was found to occur between 18 and 20 GPa in both
experimental runs. However, in the first run, only incomplete transformation was
observed with fee-Cu visible even at 50 GPa. In the second run, immediate and
complete transformation was observed at 18.5 GPa with no fcc-Cu evident. The
equation of state did not show any significant change in compressibility (see Figure
4.36). Fitting a Vinet equation of state to the data yielded Vy = 13.10(1) A?,
Ko = 145(5) GPa (K’ = 4.8(3)), apart from the volume expansion no significant
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4.5. Copper
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Figure 4.35: Integrated XRD spectrum showing cubic copper (red upper tick
marks) and hexagonal copper hydride (blue lower tick marks) at 22 GPa. The
blue circle indicates the position of the (001) forbidden reflection.

difference to pure copper. Decomposition was observed on decompression below

10 GPa.

In the second run, pressure was increased again after decomposition and a

slight volume increase in fec-Cu was observed, indicating possible formation of

the cubic phase of copper hydride. However, the measured volume difference was

considerably smaller than reported in [Burtovyy 04]. This is assumed to be due

to either different previous hydrogenation states or longer hydrogenation times

in the study from 2004.
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4.6. Other metals

Volume [A?]

Pressure [GPa]

Figure 4.36: Experimental equation of state of copper (black squares) and copper
hydride (red triangles). The dotted line denotes the equation of state of copper
(see Table 3.1), dashed line the EoS of wurtzite CuH [Filipek 07]. The solid
line is a Vinet fit to our data, yielding Vo = 13.10(1) A%, K, = 145(5) GPa
(K" = 4.8(3)). The green diamonds are attributed to the formation of cubic
copper hydride on repeated compression after decomposition from the hexagonal
hydride phase.

4.6 Other metals

In this section, the attempts to synthesize the hydrides of gold, silver and osmium
are described. Considerable effort was put in the synthesis of Au-H but no hydride
phase was observed. All three metals were compressed to very high pressures (87

GPa for Ag and Os, 115 GPa for Au) without showing any signs of hydrogenation.

4.6.1 Gold

There is considerable dispute in the high-pressure community whether the hydride
phase of gold exists or not. In 1982, a report by V.E. Antonov claimed the

synthesis of gold hydride at moderate pressures of only 2.8 GPa and temperatures
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4.6. Other metals

above 600 K with time [Antonov 82]. Upon hydride formation, the sample (a gold
wire of 0.2mm diameter) increased notably in volume and the surface became
uneven and of grey colour. The hydride was apparently kinetically unstable at
ambient conditions and decomposed into Au and H, within several weeks. X-
ray diffraction on the sample showed a very complex structure which could be
indexed in an orthorombic unit-cell with @ = 6.8 A, b = 9.61 A and ¢ = 7.85 A.
V.E. Antonov kindly provided us with a sample from the original synthesis from
almost 30 years ago. An x-ray diffraction pattern of that sample, taken in 2011 at
Diamond Light Source is shown in Figure 4.37. The pattern clearly shows a strong
presence of gold with the lattice parameter expected for ambient conditions. More
than 40 additional weak reflections can be identified. However, they can not be
indexed using an orthorombic unit-cell and the cell parameters given by Antonov.
Due to severe overlap with the gold peaks in some areas, a clear identification of
the additional phase was not possible. In particular since it is not clear if there
is only one underlying phase. It is therefore questionable whether the complex
phase seen in Figure 4.37 is indeed a hydride phase of gold, stable after 30 years at
ambient conditions, or an artifact from synthesis conditions such as contamination

or surface reaction with sealing material.

In the past three decades, the results described in [Antonov 82] were not
observed again. It is therefore widely accepted nowadays that gold does not
form a hydride phase, at least not at commonly accessible pressures which is also
backed up by theoretical studies (e.g. [Gao 12]). Gold is sometimes used as a
sealing material in experiments involving hydrogen. A layer or coating of gold
between the sample volume and a rhenium gasket should prevent the formation
of rhenium hydride and thus the loss of hydrogen. However, there are indications
that gold hydride might form at certain pressures and room temperature'®. In a
study from 2007, it was found that gold (there called “the noblest of all metals”)
undergoes a structural phase transition from the fcc to the hep phase at pressures
above 250 GPa [Dubrovinsky 07]. The formation of a hydride at this pressure is
a possibility. Furthermore, it can be argued that, once hydrogen is at least in

a partly atomic state, hydrogen atoms do not have to overcome the dissociation

I3Private communications with T. Strobel (Carnegie Inst. Washington, USA): A reaction
that might be attributed to the formation of gold hydride was observed at pressures above 60
GPa and room temperature. However, this was not confirmed and no detailed study exists.
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4.6. Other metals
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Figure 4.37: Diffraction pattern of a sample provided by V.E. Antonov. Red
tick marks indicate fce-Au at ambient pressure (¢ = 4.0811 A), blue marks are
identified reflections not belonging to gold. A refinement of the structure was not
possible. Inset shows the same spectrum on linear scale.

barrier at the metal surface and any metal will undergo hydrogenation. The
structure of phase IV of hydrogen, reported in [Howie 12|, is partly atomic and
thus the formation of a hydride might be expected at pressures above 220 GPa.

In the work presented in this thesis, attempts were made to replicate the
original synthesis conditions of gold hydride as well as synthesis at high pressure
and room temperature. In several experiments, diamond anvil cells were prepared
with a rhenium gasket, hydrogen gas-loaded to ~2000 bar and gold powder
(Alfa Aesar, 99.96+% purity). No reaction was detected up to 115 GPa at
ambient temperatures. In experiments up to 50 GPa the cells were heated using
both external resistive heaters and ovens without any reactions occurring. The
experiments involving heating in an oven led to the discovery of es-ReH (see
chapter 4.2).
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4.6. Other metals

4.6.2 Silver

There is no report of a bulk hydride phase of silver (see chapter 2.3). However,
recent theoretical studies speculate that silver hydride might form at very high
pressures. In [Kim 11|, AgH appears dynamically stable at pressures above 50
GPa, while [Gao 12] gives a formation pressure for AgH of more than 180 GPa.
In a series of experiments we studied silver (thin foil, Alfa Aesar, 99.97% purity)
under a hydrogen atmosphere up to a pressure of 80 GPa and room temperature
without observing any signs of hydride formation. Laser heating to above 1000
K (no controlled temperature measurement was possible) at pressures around 40
GPa also had no effect on the structure of the sample.

Figure 4.38 shows the measured equation of state of silver in a hydrogen

Volume [A3]

rrrrrrrr 107117 117117117 17 1 1 vT1rTvT Tl
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90
Pressure [GPa]

Figure 4.38: EoS of silver measured in a hydrogen atmosphere. The solid red line
denotes a Vinet fit to the data: Vp = 68.23 A3, By = 100.5 GPa, B’ = 5.21. The
dashed line is an EoS taken from literature ([Akahama 04a], see Table 3.1).

medium compared to the EoS from literature. The two data points at ~65 GPa
suggest a volume increase of ~ 1.5 A% compared to pure silver. However, this
difference is not seen in subsequent measurements at higher pressures. In this
particular experimental run, pressure calibration was difficult: No ruby was used

and pressure was derived using the diamond and hydrogen Raman scales which
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4.6. Other metals

are unreliable at this pressure (see chapter 3.2). The observed volume difference

could therefore be explained by erroneous pressure measurement.

4.6.3 Osmium
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Figure 4.39: Measured EoS of Os under hydrogen atmosphere compared to
literature EoS (solid line, see Table 3.1). Inset shows ¢/a ratio vs. pressure. Grey
dashed lines are guides to the eye regarding the difference in EoS and change in
¢/a ratio.

In [Antonov 84], a hydrogen content of 0.03% was reported for osmium under
hydrogen atmosphere. It has been discussed (see chapter 2.3) that such a low
hydrogen content might indicate the adsorption of hydrogen on a surface layer
of the metal sample and not the formation of a bulk hydride. We conducted a
series of experiments with osmium (Alfa Aesar, -200 mesh powder, 99.8% purity)
in a hydrogen medium reaching pressures of 80 GPa. Laser heating at lower
pressures had - similarly to silver - no effect on the structure or unit-cell volume
of the sample. Interestingly however, a very small constant volume difference of
~0.25 A% was measured (see Figure 4.39), equivalent to ~6% hydrogen content.

This was measured at different synchrotron radiation sources and independently
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4.6. Other metals

also in various samples. However, at higher pressures above 50 GPa, the volume
expansion could not be seen any more. The observed trend of increasing c/a
ratio (see inset in Figure 4.39) with pressure was also mentioned in literature
[Armentrout 10]. It is therefore difficult to conclude whether a reaction between
hydrogen and osmium took place or not. Several data points presented in Figure
4.39 were collected from the same sample over a period of 6 months during which
the sample remained at pressure. No change in volume was detected. If the
measured volume difference is attributed to an uptake of hydrogen it also has to
be concluded that the uptake happens almost immediately and does not increase
with time. Also, laser heating did not have any effect, excluding kinetic barriers as

reasons for hindered hydrogen uptake (as observed e.g. in rhenium and iridium).
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Chapter 5

Conclusions and Future

Prospects

The aim of this thesis was to study the synthesis of the remaining unknown
hydrides of the transition metals. Three new phases were discovered (ex-ReH,
e-CupH and IrHjz) while the known hydrides of tungsten and platinum were
characterized experimentally for the first time. Despite considerable experimental

effort, the hydrides of silver, gold and osmium remain elusive.

The study of platinum hydride was motivated primarily by the findings
of superconducting silane in [Eremets 08]. It was shown that through the
decomposition of silane at 50 GPa [Degtyareva 09], hydrogen is released and
reacts with the platinum probes present in the study by Eremets et al..
We characterized the hydride of platinum in terms of mechanical properties,
crystalline structure and stability regarding decomposition. In theoretical
calculations it was found that PtH might be superconducting [Scheler 11b] and
as such might be responsible for the superconductivity observed in [Eremets 08].
However, to date, this was not observed experimentally which provides a very
interesting prospect for future experiments. In fact, in [Kim 11|, the critical
temperature for superconductivity in PtH was estimated to be in the range of 25
K, significantly higher than palladium hydride which up to now holds the record
for the highest T, in the d-metal hydrides. Furthermore, the elusive intermediate
phase I of PtH has not been fully characterized yet. This is the only known

instance in the d-metals where such a phase forms. Can this phase be stabilized
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at temperatures different from room temperature? What is its interaction with
PtH-II?

Tungsten hydride was, similarly to PtH, known but its existence went largely
unnoticed by the research community due to a lack of available information. Our
primary goal was to replicate the synthesis conditions described in [Kawamura 05]
and establish a thorough characterization of tungsten hydride. In the process
we found that tungsten hydride exhibits a very unusual behaviour: It does not
form instantaneously when crossing the synthesis conditions but only converts
with time. Our data suggest that this very slow hydrogenation process might be
responsible for the formation of a nanocrystalline microstructure, reminiscent of
nanopolycrystalline diamond [Irifune 03]. What at first appeared to be very low
compressibility was, with the help of computational methods, found to be the
fractional formation of tungsten dihydride. Although predicted to be stable in
the probed pressure region we did not succeed in obtaining a pure WH, phase.
Does it exist? What is the exact role of pressure and temperature in this case?
Does the microstructure play a significant role in the formation of WH»? It was
reported in [Zaleski-Ejgierd 12], that laser heating leads to a sharpening of the
Bragg peaks. Interpreting this as an annealing of the nanocrystalline structure,
what are the effects on the hydride phase? Could this lead to the formation of
pure WH; or could it be the nanocrystalline nature of the material that allows
occupation of the tetrahedral sites in the first place? Thus, annealed tungsten

hydride would be simply a monohydride.

Rhenium is widely used as a gasket material and the formation of rhenium
hydride is widely known and accepted. It therefore came as a surprise when we
found a new phase of rhenium hydride which forms at high temperatures but is
stable at room temperature [Scheler 11a]. The observation of this phase happened
during an experiment attempting the synthesis of gold hydride and demonstrates
that even well-studied systems should not be neglected and might still hold
surprises. Unfortunately, due to the nature of the experiments performed on the
eo-phase of ReH, there was a very high risk of diamond failure and gasket collapse.
Few questions therefore remain unanswered: What is the stability range of es-

ReH? Could it be recovered to ambient conditions? What are the exact conditions
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required for its formation? e;-ReH decomposes at near ambient conditions but
the new phase could be stable or metastable due to the presence of a large energy
barrier which might prevent decomposition. It also remains to be experimentally

proven whether stoichiometric ReH forms at high pressure or with time.

[ridium hydride proved to be completely different from all other hydrides in the
investigated group of d-metals. It has a very high hydrogen content, the highest
synthesis pressure of all known metal hydrides in this range and a crystalline
structure different from all other metal hydrides. Due to the presence of hydrogen
in non-interstitial positions, [IrHs has a much higher compressibility compared to
pure iridium. This of course leads to the question whether hydrogen is compressed
in the metal matrix and whether IrH; might be a candidate for achieving the
metallization of hydrogen in host matrices [Ashcroft 04]. The equation of state
shows that the volume difference stabilizes at a value equivalent to hydrogen at
~250 GPa, far from metallization conditions. IrHj is stable to surprisingly low
pressures and decomposes only slowly. Is it then (meta)stable when quenched
to ambient conditions? The whole formation/decomposition process in iridium
hydride happens very slowly, a phenomenon that has been observed in several
systems throughout this work. The kinetic effects are difficult to address in
theoretical calculations and thus such simulations might fail to predict certain
phases or in contrast predict the existence of phases that are inaccessible due to
kinetic barriers. For iridium hydride, we did not observe the predicted Pnma
phase, but the reached pressures might just have been insufficient. Maybe the
hydrides of osmium, silver and gold can be synthesized at accessible pressures

but require higher thermal energy than provided in experiments thus far.

Most research projects on hydrogen systems nowadays focus on two aspects:
The development of a suitable hydrogen storage material and the properties of
free hydrogen at extreme pressures. However, as the results in this work show,
there is a large margin for phenomena in between, such as hydrogen-mediated
synthesis of nanomaterials or novel superconductors. The d-metal hydrides still
hold various opportunities for researchers in the future, starting from measuring
the electronic properties of these materials in-situ to the successful synthesis of

the missing hydrides of osmium, silver and gold.
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Appendix A

Data Tables

P[GPa] V[A®] c¢/a alA] c¢[A] (010) (002) (011) (012) (110)

7 24.516 1.628 2.591 4.218 2.244 2109 1.981 1.537 1.295
10 21.862 1.626 2.495 4.056 2.161 2.028 1.907 1.479 1.247
15 19.112  1.622 2387 3.872 2.068 1.936 1.824 1413 1.194
20 17.339 1.619 2313 3.743 2.003 1.872 1.766 1.368 1.156
25 16.04 1.615 2255 3.642 1.953 1.821 1.721 1.332 1.128
30 14.921 1.613 2.203 3.552 1.908 1.776 1.68 1.3 1.101
35 14.234 1.61 2.169 3.492 1879 1.746 1.655 1.279 1.085
40 13.566 1.608 2.136 3.434 1.85 1.717 1.629 1.259 1.068
45 12,975 1.606 2.105 3.381 1.823 1.69 1.605 1.24 1.053
50 12.464 1.604 2.078 3.333 1.8 1.667 1.584 1.223 1.039
55 12.012 1.602 2.053 3.29 1.778 1.645 1.564 1.208 1.027
60 11.624 1.601 2.031 3.253 1.759 1.626 1.547 1.194 1.016
65 11.265 1.6  2.011 3.217 1.741 1.609 1.531 1.182 1.005
70 10.933 1.599 1.991 3.183 1.725 1.592 1.516 1.17 0.996
5 10.627 1.598 1973 3.152 1.709 1.576 1.502 1.159 0.987
80 10.3556  1.596 1.957 3.123 1.695 1.562 1.489 1.148 0.978
85 10.122  1.595 1.942 3.098 1.682 1.549 1.478 1.14 0.971
90 9.867 1.594 1926 3.071 1.668 1.535 1.466 1.13 0.963
95 9.648 1.593 1912 3.046 1.656 1.523 1.455 1.121 0.956
100 9.468 1.592 1.901 3.026 1.646 1.513 1446 1.114 0.95
105 9.276  1.59 1.889 3.003 1.636 1.502 1.436 1.106 0.944
110 9.096 1.589 1.877 2982 1.625 1.491 1.427 1.099 0.938
115 8.917 1588 1.865 2961 1.615 1.48 1418 1.091 0.932
120 8.784 1.586 1.856 2.944 1.608 1.472 1.411 1.086 0.928

Table A.1: Hydrogen EoS (see [Loubeyre 96]), c¢/a-ratio and observed d-spacings
of Bragg reflections up to 120 GPa.
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Table A.2: XRD experiments carried out in the course of this thesis. The used
DAC’s are DC (Symmetric D-type “doughnut”), B (Betsa), GG (Gregoryanz-
Guillaume type) and P.C. (long Piston Cylinder).
conducted in collaboration with the team at the respective beamlines and are

not assigned experiment numbers.

Inhouse beamtimes were

Metal Experiment Date Source DAC
Pt HS4048 June 2010 ID09, ESRF DC
HS4039 July 2010 ID09, ESRF DC
inhouse August 2010 ID09, ESRF DC
\W% EE6317 February 2011 115, DLS DC
EE6833 May 2011 115, DLS DC
EET7263 October 2011 115, DLS DC
HS4458 November 2011  ID09, ESRF DC
Au EE6317 February 2011 115, DLS B
EE7263 October 2011 115, DLS pP.C.
inhouse May 2012 P02, PETRA-IIT GG
Re EE6317 February 2011 115, DLS B
EE6833 May 2011 115, DLS B
Ir inhouse July 2011 P02, PETRA-IIT DC
EE7263 October 2011 115, DLS DC
HS4609 July 2012 ID09, ESRF DC
scheduled August 2012 P02, PETRA-IIT DC
inhouse October 2012 P02, PETRA-IIT DC
Cu inhouse July 2011 P02, PETRA-IIT DC
EE7263 October 2011 115, DLS DC
HS4724 October 2012 1ID09, ESRF GG
Ag inhouse July 2011 P02, PETRA-III DC
HS4458 November 2011 ID09, ESRF DC
inhouse May 2012 P02, PETRA-IIT DC
Os EET7263 October 2011 115, DLS DC
HS4458 November 2011 ID09, ESRF DC
inhouse May 2012 P02, PETRA-III DC
P[GPa] V[A®] a[A] <c[A] c/a AV[AY
27.5 15906 2.783 4.742 1.704 1.986
31.3 15.844 2.782 4.728 1.699  2.044
34 15.87 2784 4.73 1.699 2.16
37 15.796 2.779 4.723 1.699  2.176
42 15.67 2772 4.708 1.698 2.2
45 15.594  2.77 4.694 1.695 2.209
48 15.501 2.763 4.69 1.697 2.201
50 15.491 2.765 4.679 1.692 2.241

Table A.3: Platinum hydride refined unit-cell parameters for phase II (hep),

loading 1.
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P[GPa] V[A®] a[A] <c[A] c¢/a AV[AY
27 15.815 2779 4.731 1.703 1.875
29 15.883 2.783 4.736 1.702  2.013

30.8 15.88 2784 4.73 1.699 2.07
31.9 15.846 2.782 4.727 1.699  2.076
33.2 15.838 2.782 4.726 1.699  2.088
35.5 15.741 27777 4715 1.698  2.081
38.5 15.657 2772 4.704 1.697  2.087
40.4 15.614  2.77 4.699 1.696 2.094
414 15.581 2.768 4.697 1.697  2.096
43.6 15.465 2.761 4.684 1.696  2.045
44.1 15.453 2.761 4.681 1.695 2.043
45.2 15.434 2761 4.677 1.694 2.054
47.3 15.382 2.758 4.672 1.694  2.062
50.4 15.199 2.746 4.654 1.695 1.959
51.8 15.132 2.742 4.646 1.694 1.932
54.5 15.048 2.738 4.637 1.694  1.908

Table A.4: Platinum hydride refined unit-cell parameters for phase II (hcp),

loading 2.

P[GPa] V[A% a[A]  c[A] c/a
18 102.649 3.125 12.141 3.885
25 101.697 3.112 12.128 3.897

27.5 100.924 3.102 12.111 3.904
31 100.648 3.101 12.086 3.898
34 100.67  3.102 12.081 3.895
37 99.299 3.083 12.061 3.912

Table A.5: Platinum hydride refined unit-cell parameters for phase I (complex

phase), loading 1.

P[GPa] V[A®] a[A] c¢[A] c¢/a
27 100.225 3.096 12.072 3.899
29 100.989 3.101 12.124 3.909

30.8 100.594 3.091 12.154 3.932
314 101.203 3.097 12.188 3.936
33.2 100.515 3.098 12.091 3.902

Table A.6: Platinum hydride refined unit-cell parameters for phase I (complex

phase), loading 2.
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P[GPa] V[A®] AVI[A?]

50.8 14.98 1.75
75.88 14.32 1.67
113.27  13.78 1.8
161.23  13.36 2.04
189.4  13.12 2.115

113 13.893  1.913
112.78  13.55 1.57

Table A.7: P-V data extracted from [Eremets 08|, there interpreted as silane.

P[GPa] VI[A®] AV[A%] a[A] c¢[A] c¢/a

16.2 15.625 1.51 2.843 4.463 1.57
19.9 15.24 1.244 2819 4.429 1.571
23.7 14.84 0.962  2.792 4.397 1.575
26.5 14.64  0.845 2775 439 1.582
28.5 14515  0.779  2.765 4.382 1.585
30.2 14.4 0.712  2.752 4.391 1.595
30.8 15.19 1.519 2814 4.431 1.575
33.3 152056 1.603 2819 4.42 1.568
359  14.655 1.124  2.791 4.344 1.556
42.1 14.605  1.234  2.774 4.382 1.579
45.2 15 1.706  2.794 4.438 1.588
46.4 14.91 1.646  2.796 4.405 1.576

Table A.8: Lattice parameters and volume differences measured for rhenium
hydride, initial experiment, pressure increase. Before 16.2 GPa, the sample was
heated to 150 °C for 19.5 hours. Waited for 16h between 30.2 and 30.8 GPa.
Heated to 200 °C for 4.5h after 45.2 GPa and 300 °C for 8.5h after 46.4GPa.

P[GPa] V[A%] AVI[A®] a[A] c[A] c/a

46 2792  0.686  2.732 4.321 1.582
37 28.4 0.698  2.744 4.357 1.588
31 28.47 0.57 2753 4.338 1.576
25 28.88  0.601 2.762 4.372 1.583
17.5 29.23  0.542 2771 4.395 1.586
11.5 30.04 0.745  2.798 4.43 1.583

4 30.62  0.759  2.818 4.453 1.58

0 31.21  0.896  2.84 4.467 1.573

Table A.9: Lattice parameters and volume differences measured for rhenium
hydride, initial experiment, pressure decrease after heating to 300 °C.
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P[GPa] V[A3] AVIA®] a[A] c[A] c/a

17.3 30.13  1.971 2.803 4.429 1.58
14.6 30.25  1.913 2.807 4.434 1.58
18.2 30.08 1.98 2.801 4.427 1.581
23.2 30.25  2.463  2.811 4.421 1.573
23.2 29.62  1.833 2.799 4.367 1.56
26.9 30.06  2.494 2.805 4.411 1.573
28.9 30.04 2.59 2.803 4.412 1.574
32.6 29.98  2.738 2.802 441 1.574
35.2 29.96 2.86 2.801 4.41 1.574

Table A.10: Lattice parameters and volume differences measured for rhenium
hydride, second experiment, pressure increase. Heated to 200 °C after 18.2 GPa

P[GPa] V[A%] AV[A%] aA] c[A] c¢/a

28.3 32488 3.172 2863 4.577 1.599
29.9 32,509 3304 286 4.589 1.604
324 32315  3.28 2.857 4.57 1.599
344 32.055 3.153 2.848 4.563 1.602
36.0  31.969 3.204 2.846 4.557 1.601
384  31.809 3.165 2.839 4.556 1.605
34.5 31.92 3.025  2.842 4.564 1.606
37.5 32293 3.592 2868 4.532 1.58
37.5 32112 341 2.857 4.543 1.59
40.1  32.012 3474 2853 4.543 1.593
42.6  31.907 3.522 2.849 4.538 1.593
44 31.731 3.43 2.843 4.534 1.595
46.3  31.637  3.472 2.84 4.529 1.595
478  31.707  3.629 2.844 4528 1.592
49.7  31.597 3.628  2.84 4523 1.593
47 31.782  3.658  2.847 4.528 1.59
40.3  32.067 3.541  2.858 4.535 1.587
34.1  32.258 3.337 2.862 4.546 1.588
30.2 32473 3.289  2.872 4.546 1.583
222 32956  3.197  2.887 4.564 1.581
15.8  33.392  3.131  2.899 4.587 1.582
8.2 33.839 2927 2913 4.606 1.582

Table A.11: Lattice parameters and volume differences measured for tungsten
hydride, Loading 1 (Feb. 2011).

119



P[GPa] V[A%] AVIA%] a[A] c[A] c/a

37.9 32569 3893 2.865 4.583 1.6
35.8  32.723 3912 2873 4.579 1.594
30.9 32851 3.715  2.875 4.589 1.596
21.6  33.191 3.386 2.885 4.604 1.595
17 33.724 3,56  2.895 4.646 1.605
124 34.151 3.607 2.908 4.663 1.604
11.2 34119 3472 2909 4.654 1.6
9.9 34.288  3.528 2913 4.666 1.602
9.3 34.281  3.467 2915 4.657 1.597

Table A.12: Lattice parameters and volume differences measured for tungsten
hydride, Loading 2 (May 2011).

P[GPa] VI[A®] AV[A®] a[A] c¢[A] c¢/a

47 31.675  3.551  2.841 453 1.595
52.1  31.547 3.712 2.841 4.515 1.589
56.8  31.664 4.084 2.848 4.509 1.583
60.6  31.313 3.932 2834 4.503 1.589
65.7  30.828 3.703  2.82 4476 1.587
69.9  31.102 4.181 2.828 4.49 1.588
73.7  30.971 4.23 2.826 4.479 1.585
78.7  30.846 4.331 2.822 4.472 1.585
83.5  30.295 3991 2806 4.441 1.583
87.3  30.402 4.259 2.808 4.451 1.585
91.3 2999  4.012 2796 4.429 1.584
972  29.672 3.931 2.788 4.408 1.581
101.4  29.625 4.046 2.785 441 1.584
105.1  29.224  3.785  2.773 4.387 1.582
110.9  29.098 3.871 2.768 4.385 1.584
1152 28.841 3.767 276 4.372 1.584
1159 28494  3.444  2.748 4.356 1.585

Table A.13: Lattice parameters and volume differences measured for tungsten
hydride, Loading 4 (Nov. 2011).
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P[GPa] V[A%] AVI[A3] a[A] ¢[A] c/a

30.1  32.981 3.79  2.881 4.589 1.593
35.8 32.83  4.019 2878 4578 1.591
39.4 32741 4159 2876 4.571 1.589
44.2 32439 4151 2.867 4.557 1.59
48.5 32318 4281 2.864 4.549 1.588
46.4  32.251 4.092 2.862 4.548 1.589
449 32428 4181 2.867 4.556 1.589
427 32409  4.031  2.869 4.548 1.585
404 32468 3.949 2.868 4.557 1.589
38.4 32551 3907 2871 4.561 1.589
35.1 32915  4.06  2.882 4.575 1.587
29.4  33.125 3.886 2.884 4.599 1.595
29.1 33.13  3.869 2.884 4.601 1.596
16.6  33.764  3.568 2.899 4.639 1.6
14.8  33.958 3.615 2906 4.643 1.598
17.1  33.823  3.668 2902 4.636 1.597
19 33.669  3.664 2.898 4.629 1.597
21.2 33492 3.657 2891 4.626 1.6
234 33338 3.668 2.888 4.614 1.597
26.1  33.153  3.68  2.882 4.608 1.599
28.2  33.087 3.764 2.882 4.599 1.596
30.2  33.013 3.829 2.881 4.594 1.595
323 32948 3906  2.88 4.588 1.593
30.3 32985 3.808 2.881 4.588 1.592
28.1  33.085 3.754 2.884 4.594 1.593
255 33201 3.685 2.886 4.604 1.595
226  33.318 3.589 2.888 4.612 1.597
179  33.672  3.58 2897 4634 1.6
18.5 33.63  3.586 2.896 4.63 1.599
16.8 33.79  3.611 2901 4.637 1.599
121 34.158 3.588 291 4.657 1.6
15.6  33.862  3.586 2902 4.642 1.599
152 33.866 3.556 2903 4.64 1.598
12 34.247  3.669 2913 4.66 1.6
10.7  34.348  3.658 2.916 4.664 1.599

Table A.14: Lattice parameters and volume differences measured for tungsten
hydride, Loading 3 (Oct. 2011).
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Time[h] P[GPa] Irgi11)  IrHoor) rel. Int.

0.13 64 144.6 1.29 8.89-1073
1.2 64 129.2 2.1 1.63-1072
1.38 64 127.1 2.89 2.28 1072
1.67 64 99.22 2.7 2.72-1072
3.03 65.5 138.44 5.03 3.63-1072
3.8 67.4 140.24 7.38 5.26 - 1072
4.17 71.3 138.5 9.52 6.87 - 1072
4.47 74 159.44 13.85  8.69-1072
4.8 T 125.04 12.23  9.78 1072
5.73 T 154.9 24.54 0.16
7.92 T 12718  29.62 0.23
15.33 78.5 126.04  47.04 0.37
15.78 80.9 123.32 51.24 0.42
16.33 83.8 110.92  45.18 0.41
16.75 86 111.48  58.24 0.52
17.48 89.2 105.76  52.68 0.5
18.18 92.7 108.7 67.96 0.63
18.87 94.8 76.6 45.5 0.59
22.37 94.8 84.66 79.24 0.94
25.25 94.8 67.06 83.88 1.25
28.05 96.9 59 88.18 1.49
28.88 102.3 54.66 99.7 1.82
29.65 105.4 55.52 103.02 1.86
39.35 105.4 26.26 102.54 3.9
40.12 105.4 31.88 135.92 4.26
40.87 107.7 25.58 113.14 4.42
45.1 107.7 16.62 90.58 5.45
45.58 107.7 13.46 75.18 5.58
46.22 107.7 17.88 111.44 6.23
46.53 107.7 19.76 135.1 6.84
47 107.7 15.16 109.28 7.21
47.38 107.7 17.77 128.76 7.25
48.03 107.7 16.9 120.56 7.13
48.58 107.7 12.76 116.08 9.1
49.02 107.7 16.83 132.82 7.89
49.62 107.7 16.51 132.6 8.03
50.03 107.7 15.37 128 8.33
51.55 107.7 13.11 123.32 9.41
592.7 107.7 15.66 155.56 9.93
62.12 107.7 10.23 110.6 10.81
64.08 107.7 9.9 109.5 11.06
64.17 107.7 10.92 132.5 12.13

65.15 107.5 12.97 153.18 11.81

Table A.15: Synthesis process of iridium hydride. Table shows development of
scattering intensities with time and pressure of the (111) peak of fec iridium and
the (001) peak if simple cubic iridium hydride.
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Time[min|] Laser[W] Int.

0 0 10.33
4.38 0.2 10.76
5.18 0.5 10.03
5.68 1 9.73
6.37 1.2 10.35
6.75 1.5 9.79
7.08 1.8 9.48
7.7 2 9.37
8.03 24 8.7
8.62 3 7.84
9.23 3.5 6.26
9.93 4.2 5.32
10.38 4.8 3.92
11.38 2.3 1.35
12.12 5.3 0.57

Table A.16: Integrated scattering intensity (arbitrary units) of the (111) peak of
iridium during laser heating at 115 GPa.

Time[min] Laser[W] (001) (011) (111) (002) (012)

0 0 1 1 1 1 1
4.38 0.2 1 0.99 1.02 1 1.01
5.18 0.5 1 099 101 098 1.01
5.68 1 0.99 0.98 1 0.97 1
6.37 1.2 098 099 1.01 097 1.01
6.75 1.5 098 099 1.01 096 0.99
7.08 1.8 0.98 0.99 1 0.95 1.04
7.7 2 0.98 0.98 1 095 1.01
8.03 24 097 098 1.01 095 1.02
8.62 3 097 096 099 093 1.03
9.23 3.5 096 095 098 093 0.98
9.93 4.2 095 092 094 089 094
10.38 4.8 091 08 087 0.83 0.87
11.38 2.3 087 0.7 077 0.76 0.74
12.12 5.3 083 066 0.67 071 0.65
13.22 2.3 082 061 06 065 0.58
14.32 6 0.79 047 045 059 0.44
15.13 6 077 04 039 055 0.37

Table A.17: Widths (FWHM) of the five strongest diffraction peaks of iridium
hydride during laser heating at 115 GPa
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Time[h] Trgqy) IrHgo1) rel. Int. a[A]  FWHM]deg]
0.133  27.733 5.797-1072 2.09-107% 2.687 0.122
0.483  25.75 0.175 6.803-1073 2.688 0.102
0.617  30.433 0.289 0.48-107% 2.688 9.382-102
0.767  34.267 0.581 1.696-1072 2.688 8.763-102
0.85  41.567 0.731 1.758 - 1072 2.687 9.28-1072
1.017  43.017 1.018 2.367-1072 2.687 9.117-102

1.25  44.717 1.174 2.626-1072 2.687 9.231-1072
1.567  39.35 0.608 1.545-1072 2.688 9.584-102
1.783  43.167 1.231 2.851-107%2 2.69 8.455-1072
1.867  44.033 1.321 29991072 269 8.38-1072
1.983  43.35 1.745 4.025-1072  2.69  8.004-1072
2.033  43.517 1.897 4.358-107%2 2.69 8.105-1072
2.15 41.8 2.528 6.049-1072 2.69 8.182-102
2.25  45.783 3.027 6.611-1072 2.69 8.384-1072
2.333  40.567 3.68 9.071-1072 2.69 8.267-10"2
245  37.167 3.958 0.107 2.69 8273.1072
2.583  32.417 4.033 0.124 2.689 8.367-102
2.65  28.183 3.878 0.138 2.689 8.413-1072
2.783  27.483 3.607 0.131 2.689 8.371-102
2.967  25.767 4.097 0.159 2.689 8.275- 1072
3.3 19.5 3.647 0.187 2.689 8.23-1072
3.45 18.85 3.683 0.195 2.680 8.173-102
3.517  17.65 3.868 0.219 2.689 8.155- 102
3.767  11.24 2.802 0.249 2.689 8.084-102
4.167  32.767 6.565 0.2 2.689 8.252-102
4.383  34.167 9.97 0.292 2.69 8.193-1072
4.767  38.567 5.997 0.155 2.688 8.238 1072
5.033  33.42 6.065 0.181 2.688 8.161- 102
5.383  33.417 10.627 0.318 2.69 7.987-1072
5.583  27.917 12.24 0.438 2.60 7.883-1072

5.8 23.2 12.175 0.525 2.691 7.897-1072
6.033  14.403 9.992 0.694 2.691 7.787-1072
6.2 11.6 24.233 2.089 2.693  7.447-1072
6.267  6.943 28.733 4.138 2.694 7.339-102
6.3 5.3 29.333 5.535 2.694 7.294.102
6.35 4.178 30.2 7.228 2.694 7.205-1072
6.417 3.28 31.067 9.472 2.604 7.217-1072
6.467  3.185 31.35 9.843 2.694 7.152-102
6.517 3.14 32.4 10.318 2.692 7.525-102
6.633  4.435 32.4 7.306 2.691 7.616- 1072
6.683  3.818 32.3 8.459 2.692 7.495-102

Table A.18: Laser heating during run-3 of iridium hydride. In addition to the
relative scattering intensity, the d-spacing of the (001)-peak (equivalent to lattice
parameter a) and the FWHM of this reflection are given.
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P[GPa] Time[min| Irgqqy IrHory — rel. Int.

95.8 0 130.5 1,926 14.76
53.7 0.4 139 1,875 13.49
52 0.68 135.1 1,921 14.22
20 0.93 2145 2,110 9.84
48 1.25 181.4 1,909 10.52
46.2 1.5 255.1 2,073 8.13
44.2 1.7 206.3 1,923 9.32
41.4 1.9 2155 1,988 9.23
38.8 2.1 134.3 1,715 12.77
36.5 2.28 236.5 1,950 8.25
29.8 2.45 287.5 1,489 0.18
28.1 2.63 2447 1,390 5.68
27 2.78 261.6 1,211 4.63
26.3 3.25 266.7 1,426 5.35
25.1 3.42 2274 1,529 6.72
24.4 3.58 259.2 1,783 6.88
23.9 3.73 266.8 1,344 5.04
22.9 4.17 209.3  829.6 3.96
224 4.35 246.3 1,824 7.41
21.8 4.55 207.6 1,572 7.57
21.1 4.75 226.6 1,645 7.26
20.5 4.98 220.3 1,585 7.19
194 5.25 231.6 1,569 6.77
18.7 5.75 2914 1,548 5.31
17.5 6.03 182.5  967.2 2.3
16.4 6.32 306.5 1,606 5.24
15.8 6.97 4384 1,381 3.15
14.9 7.17 424 1,085 2.56
13.9 7.52 6779  971.7 1.43
13.1 7.68 1,272 977.2 0.77
11.9 8.1 1,126 572.3 0.51
10.4 8.27 1,444  542.6 0.38
9.5 8.9 232.6 1712 7.36-1072
7.7 8.75 1,944  169.3 8.71-1072
6.4 9.05 1,320 27.78  2.1-1072

Table A.19: Decompression process of run-3 for iridium hydride. Shown is the
relative intensity of iridium hydride compared to iridium.
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P [GP&] aqy [A] VIr [Ag] arrH [A] VIrH [A3] AV [Ag}
47.3 3.723  51.6 2.711 19.915 7.015
45.7 3.724  51.67 2.715 20.022 7.105
43.8 3.728  51.82 2.716 20.043 7.088
41.7 3.728  51.82 2.72 20.12 7.165
39.6 3.738  52.21 2.726 20.248 7.196
37.1 3.746  52.58  2.734  20.426 7.281

35 3.749  52.69  2.743  20.641 7.468
32.8 3.755 52,93 2747 20.732 7.499
30.4 3.758  53.06  2.751 20.811 7.546
274 3.768  53.52 2.764 21.12 7.74
26.6 3.771  53.63  2.761 21.054 7.646
24.9 3.775  53.81 2.771 21.267 7.814
23.2 3.776  53.85 2.77 21.264 7.802

Table A.20: Lattice parameters and volume differences measured for iridium

hydride, run-1.
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P [GP&} aly [A] VIr [A?,] arrg [A] VIrH [A?’] AV[A3]
64 3.676  49.657 2.672 19.074 6.66
64 3.674  49.61 2.671 19.056 6.654
64 3.674  49.596 2.67 19.033 6.634
64 3.674  49.589 2.67 19.031 6.634
65.5 3.674  49.573 2.67 19.038 6.645
67.4 3.669  49.387 2.666 18.945 6.598
71.3 3.663  49.159 2.663 18.893 6.604
74 3.658  48.961 2.66 18.814 6.573
7 3.663  48.744 2.655 18.719 6.533
T 3.652  48.702 2.655 18.707 6.532
7 3.651  48.662 2.653 18.667 6.502
78.5 3.65 48.645 2.652 18.653 6.492
80.9 3.647  48.49 2.649 18.59 6.467
83.8 3.643  48.356 2.646 18.52 6.431
86 3.639 48.179 2.643 18.46 6.416
89.2 3.633  47.936 2.637 18.346 6.362
92.7 3.626  47.681 2.632 18.236 6.315
94.8 3.621  47.467 2.627 18.132 6.265
94.8 3.619  47.394 2.625 18.091 6.243
94.8 3.618  47.355 2.623 18.056 6.217
96.9 3.618 47.34 2.624 18.068 6.233

102.3 3.609  47.017 2.618 17.936 6.181
105.4 3.602  46.742 2.611 17.806 6.12
105.4 3.599  46.629 2.611 17.798 6.14
105.4  3.599  46.635 2.61 17.787 6.128
107.7 3.599  46.615 2.611 17.795 6.141
107.7 3.599  46.604 2.613 17.841 6.19
107.7  3.598  46.587 2.613 17.837 6.19
107.7 3.598  46.592 2.612 17.822 6.174
107.7  3.598  46.584 2.612 17.817 6.171
107.7  3.598  46.583 2.612 17.815 6.169
107.7 3.598  46.578 2.612 17.822 6.178
107.7 3.598  46.584 2.612 17.818 6.172
107.7  3.598  46.569 2.612 17.814 6.171
107.7  3.598  46.568 2.612 17.825 6.183
107.7  3.598  46.565 2.612 17.824 6.183
107.7 3.597  46.556 2.612 17.823 6.184
107.7 3.597  46.549 2.612 17.823 6.185
107.7  3.597  46.556 2.612 17.825 6.186
107.7  3.597  46.527 2.612 17.829 6.197
107.7 3.597  46.522 2.612 17.828 6.198
107.7 3.597  46.535 2.612 17.817 6.183
107.5 3.597  46.527 2.612 17.821 6.189
107 3.596  46.485 2.612 17.83 6.209
107 3.594  46.441 2.611 17.802 6.191
114 3.588  46.195 2.606 17.701 6.153
120 3.578  45.814 2.595 17.477 6.024
120 3.577  45.76 2.594 17.448 6.008
126 0 0 2.586 17.286 0

Table A.21: Lattice parameters and volume differences measured for iridium

hydride, run-2. “0” entries denote values not measured.
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P [GP&] aqy [A] VIr [Ag] arrH [A] VIrH [A3] AV [Ag}
55.8  3.684 50.016  2.691 19.48 6.976
53.7  3.687 50.132  2.692 19.515 6.982

52 3.69  50.223  2.691 19.49 6.934
50 3.696 50.472  2.696 19.592 6.975
48 3.7 50.65 2.7 19.683 7.02
46.2 3.706  50.89  2.706 19.815 7.092
44.2 3.712  51.152  2.712 19.952 7.164
414 3.721  51.534  2.723 20.188 7.305
38.8 3.731  51.931  2.733 20.405 7.422
36.5 3.737  52.186  2.739 20.544 7.497
29.8 3.748  52.67 2.75 20.788 7.621
28.1 3.753  H2.872 2754  20.896 7.678
27 3.756  52.976  2.757  20.954 7.71
26.3 3.762  53.256  2.765 21.129 7.815
25.1 3.765 53.381  2.767  21.187 7.841
24.4 3.767  53.46  2.771 21.268 7.903
23.9 3.769  53.52 2.769 21.241 7.861
22.9 3.771  53.645 2774 21.345 7.934
224 3.773  53.729  2.778 21.44 8.008
21.8 3.776  53.82 2.78 21.494 8.038
21.1 3.776  53.849  2.779 21.459 7.996
20.5 3.778  53.92 2.781 21.501 8.021
194 3.782 54.075 2.784  21.586 8.067
187  3.786 54.274  2.79 21.706 8.137
17.5 3.788  54.357  2.792 21.762 8.173
16.4 3.793  54.549  2.795 21.845 8.208
15.8 3.796  H54.716  2.799 21.919 8.24
14.9 3.799 54.834  2.798 21.905 8.196
13.9 3.802 54.941  2.803 22.029 8.294
13.1 3.805 55.087  2.806 22.084 8.312
11.9 3.816 55.578  2.816 22.332 8.438
10.4 3.817  55.62 2.816 22.335 8.429
9.5 3.821 55.787  2.817 22.351 8.404
7.7 0 0 2.824 22.51 0
6.4 0 0 2.828 22.616 0

Table A.22: Lattice parameters and volume differences measured for iridium
hydride, run-3. “0” entries denote values not measured.
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Synthesis and properties of platinum hydride

Thomas Scheler,! Olga Degtyareva,' Miriam Marqués,' Christophe L. Guillaume,' John E. Proctor,’
Shaun Evans,” and Eugene Gregoryanz'
1School of Physics and Astronomy and Centre for Science at Extreme Conditions, The University of Edinburgh,
Edinburgh, EH9 3JZ, United Kingdom
2European Synchrotron Radiation Facility, BP 220, Grenoble, France
(Received 4 April 2011; published 9 June 2011)

Synchrotron x-ray diffraction experiments on compressed platinum-hydrogen mixtures reveal the formation of
platinum hydride at a pressure of 27(1) GPa at room temperature. This compound exhibits two phases, PtH-I and
PtH-II, coexisting up to the pressure of 42 GPa, above which the single phase of PtH-II is observed. Pt atoms in the
PtH-II phase are shown to form a hexagonal closed-packed structure. This phase exhibits a high bulk modulus of
310(10) GPa and is stable up to at least 53 GPa. Ab initio calculations show that PtH-II is superconducting
with 7. = 12 K at 90 GPa, the highest temperature of superconducting transition among any known

metal hydride.

DOI: 10.1103/PhysRevB.83.214106

Hydrogen is known to form compounds with many
elements in the periodic table.! Among those, the metal
hydrides are of particular interest due to their application
in hydrogen storage for fuel cells>® or heat storage for the
solar-energy industry.* Also, in fundamental science, metal
hydrides become increasingly important due to their relevance
to the study of the behavior of pure hydrogen at extreme
conditions® and as materials with potentially interesting
properties.! Because of the very low solubility of hydrogen at
ambient conditions in platinum, as well as most other transition
metals, these elements do not form hydrides.

High pressure can provide a different route to the synthesis
of new compounds, initiating chemical processes that would
not happen otherwise. By bringing atoms closer together,
high pressure forces short bonds to participate in novel
chemical reactions. This can result in the formation of new
materials with advanced properties such as extreme hardness
(e.g. the formation of diamond from graphite). However,
high temperatures are usually required in addition to high
pressures to initiate the synthesis or a phase transition. A
number of transition metals that do not react with hydrogen
at normal conditions have been shown to form hydrides at
high temperatures and moderate pressures."”-® The formation
of platinum hydride has been suggested from thermodynamic
calculations to happen at pressures below 10 GPa,”!? but this
has not been observed in the experiments at the predicted
pressure range (<10 GPa).""® Pressures as high as 50 GPa and
temperatures of 2000 K are needed to make platinum react with
nitrogen, an inert gas at ambient conditions, forming platinum
nitride.!!?

The apparent inertness of Pt has been playing a very
important role in the development and use of the diamond-anvil
cell technique for high-pressure experiments. Pt is commonly
used as an internal standard for pressure calibration based
on x-ray diffraction, electrodes for electrical conductivity
measurements, as well as a heat absorber in laser-heating
experiments of transparent materials. The validity of the
high-pressure experiments depends upon the assumption that
Ptis nonreactive and any observed change is due to the studied
material. Recently, the direct synthesis of platinum hydride
under pressure (>25 GPa) was reported.'? Its formation was
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also suggested as a result of a chemical reaction involving
decomposition of silane.'* The details of structural, mechani-
cal, and electronic properties of this novel material, however,
remain unknown. In this paper, we report the formation of
platinum hydride above 27(1) GPa at 300 K, crystallizing into
two hexagonal phases, PtH-I and PtH-II. Our experimental
data allowed us to characterize the crystal structure of PtH-
II, demonstrating low compressibility, while our ab initio
calculations reveal that this compound is a superconductor
with 7, = 12 K at 90 GPa.

We have conducted four independent high-pressure experi-
ments in symmetrical diamond anvil cells. Pure (>99.95%)
platinum foil or powder was loaded in a 100-125-pm-
diameter hole of a rhenium gasket together with hydrogen
precompressed to 1800 bar. The solidified hydrogen also
acted as the pressure-transmitting medium. To determine the
pressure, we used in-sifu fluorescence measurements of ruby
chips loaded in the sample chamber. We have used Raman
spectroscopy to verify the presence and purity of hydrogen.
X-ray powder diffraction measurements were performed at
beamline ID09 of the European Synchrotron Radiation Facility
using monochromatic x-rays at a wavelength of 0.415 A. The
diffraction patterns were recorded with a MAR CCD and
integrated using the Fit2D software.!> Total energy calcula-
tions for hcp-PtH were performed under the framework of the
density-functional theory using the VASP code'® in connection
with the projector-augmented wave (PAW) method.!” The
exchange and correlation energies were treated via the LDA
and the GGA approximations using the Ceperley-Alder'® and
Perdew-Burke-Ernzerhof'’ parametrizations. In both cases,
the Brillouin zone integrals were converged with respect to the
plane-wave cutoff (600 eV) and k-point density (36° meshes).
The calculated energy-volume (per formula unit) points were
converted into static and finite-temperature pressure-volume
isotherms using numerical procedures coded in the GIBBS
program.”’ Thermal contributions are included by means of
a nonempirical quasi-harmonic Debye-like model. Electron-
phonon coupling (EPC) calculations were performed within
the density-functional perturbation theory with the Quantum-
Espresso code.”’ We used the Perdew-Zunger local den-
sity exchange-correlation functional.”” The electronic-wave

©2011 American Physical Society
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functions were represented in a plane-wave basis set with a
kinetic energy cutoff of 44 Ry. The augmentation charges
were expanded up to 880 Ry due to the use of ultrasoft
pseudopotentials. A 6 x 6 x 6 g-point mesh was used for both
phonon and EPC calculations. At each g-point the phonon and
EPC matrices were calculated with a 36 x 36 x 36 k-point
mesh. The superconducting 7, has been estimated from the
Allen-Dynes modified McMillan equation’® using a typical
value of u* = 0.13.

Up to 27(1) GPa, the observed x-ray diffraction pattern
from the Pt sample corresponded to its face-centered cubic
(fcc) phase (Fig. 1, lower panel), which is known to be stable
to very high pressures.”*?. In one of the runs, the platinum
sample was embedded in solid hydrogen for the duration of
several days at 25 GPa, but we have not observed any indication
of a reaction. When pressure was increased above 27 GPa,
the diffraction pattern changed instantaneously, i.e., within the
time needed to collect the x-ray pattern. Therefore we conclude
that the reaction is a purely pressure (volume) driven process.
The new complex pattern (Fig. 1, middle panel) contained
signatures belonging to three distinct phases: fcc platinum
and two different hexagonal phases with lattice parameters (I)
a = 3.096(1) A, c = 12.072(7) A and (I) a = 2.779(1) A,
c=4731(1) A, respectively (P =30.5 GPa). From volume
considerations (see below), we infer that these new phases
belong to platinum hydride, which we call here PtH-I and PtH-
II. Above 42 GPa, only the PtH-II phase is visible (Fig. 1, upper
panel), up to at least 53 GPa, the maximum pressure reached
in this study. The transformations are reversible upon pressure
decrease. At room temperature, the PtH-II phase existed down
to at least 26 GPa and PtH-I to 18 GPa, nearly 10 GPa below its
synthesis pressure. At lower pressure, PtH-I decomposed into
pure platinum and hydrogen. Such large hysteresis in pressure
at 300 K suggests the possibility of recovering the synthesized
material to ambient pressure at low temperatures.

The structure of PtH-II can be easily identified as the
hexagonal-closed-packed (hcp) structure (P63/mmc space
group) occupied by Pt atoms. Taking into account the volume
difference between Ptand PtH-IL [AV =2.09(4) A3] and using
the analogy with other hcp metal hydrides,'*?” we conclude
that a nearly stoichiometric compound PtH (1:1 ratio of Pt:H)
is formed with H atoms occupying the octahedral interstitial
sites in the Pt host lattice (Fig. 2). While several metallic
hydrides are known to exist in this hep structure,'*?” PtH-II is
the first known case where an fcc metal transforms to an hcp
phase upon hydrogenation.

PtH-II can be clearly distinguished from ReH,, which is
formed from Re metal used as a gasket material at the inner
rim of the gasket hole as a product of reaction with hydrogen.'
Although both materials crystallize in the hcp structure, their
c/a ratios are distinctly different and hence produce different
diffraction patterns. Additionally, in this study we avoided
signal overlap between PtH and ReH, by using a large gasket
hole as a sample chamber combined with a tightly focused
x-ray beam confining the probed region to the center of the
sample.

The structure of PtH-I is complex and is not known for any
other metal hydride. We assume that the stoichiometry does
not change from the PtH-I to PtH-II (and reverse) and assign
the 1:1 ratio of Pt:H to the PtH-I phase. The volume of the unit
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FIG. 1. (Color online) Representative x-ray diffraction patterns
of pure platinum at 23.4 GPa before the formation of PtH (bottom),
platinum hydride phases PtH-I and PtH-II, with the remaining phase
of fcc Pt at 30.5 GPa (middle) and pure platinum hydride phase
PtH-II (P65/mmc) at 44.1 GPa (upper panel). Tick marks below the
spectra show the peak positions calculated from the refined lattice
parameters that are given next to the spectra: In the middle panel, the
tick marks correspond to Pt-fcc (top row, red on-line), PtH-I (middle
row, blue online) and PtH-II (bottom row, green online). The hkl
indices are shown for the Pt fcc (bottom panel), P321 phase of PtH-1
(middle panel) and P65 /mmc phase of PtH-II (top panel). The inset in
the bottom panel shows a micro-photograph of the sample chamber
filled with solidified transparent H, and a piece of Pt before the
reaction took place. The insets in the middle and top panels show the
2D diffraction images that correspond to the spectra shown.

cell obtained for the PtH-I phase implies 6 platinum atoms
in the unit cell, and the volume difference between Pt and
PtH-I[AV =2.91(5) A%] suggests a tetrahedral occupation of
hydrogen in the Pt lattice. This assumption would explain the
volume difference between the I and II phases of PtH, in a close
analogy to the volume reduction upon phase transformation
between different Nb hydrides on pressure increase when H
atoms move from tetrahedral to octahedral sites.”®

Figure 3 shows the evolution of the volumes of both PtH
phases, pure platinum and Pt + %Hz with pressure. It appears
that the volume of PtH becomes comparable with the one
of Pt + %Hz between 160 and 200 GPa and will be larger
than the sum of its constituent elements above that pressure.
That indicates that the PtH-II phase is likely to become
unstable at pressures above 200 GPa. The analysis of the PtH
equation of state reveals that the platinum hydride has a lower
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compressibility compared to Pt. The evolution of volume was
fitted with a Vinet equation of state and extrapolated to ambient
conditions yielding the zero-pressure bulk modulus of PtH:
Ko = 310(10) GPa (KO fixed to 5.08) and Vy = 17.33(1) A3.
The bulk modulus of platinum hydride is noticeably higher
than that of pure platinum (277 GPa).

The high-bulk modulus and the high-pressure conditions
needed for the synthesis of this novel material are reminiscent
of the recent discoveries of PtN,, IrN,, and OsN,.'h!231
Indeed, the diatomic solidified gas (N;) and the chemically
inactive transition metals Pt, Ir, and Os readily formed nitrides
with bulk moduli ranging from 358 GPa for metallic OsN;
to 428 GPa for semiconducting IrN,. Nevertheless, there are
several interesting differences worth mentioning here. The
nitrides were all formed at 50 GPa and high temperatures
of 2000 K while PtH easily forms on “cold” compression.
Another interesting point in the studies on nitrides, is that
even though the metals were significantly heated, only a thin
surface layer reacted to form nitrides.’! From the relative
intensity of the x-ray diffraction peaks of the nitrides with
respect to their parent metal, it was estimated that although
nitrides were synthesized in different quantities, the amount
of nitride was always less than the remaining parent metal.’!
In the present study, in different runs the Pt samples occupied
from 15% to 50% of the chamber volume above 5.5 GPa, the
pressure at which hydrogen solidifies at 300 K (inset to Fig. 1,
bottom panel). Even in the latter case, the whole platinum
sample completely transformed into PtH and no detectable
platinum diffraction signal was visible above 42 GPa (Fig. 1,
upper panel). We have also monitored the diffraction pattern
at a given pressure as function of time to determine if the
prolonged exposure of platinum in dense hydrogen can modify
the stoichiometry of the compound. On the time scale of several
days we have not observed any deviations from the 1:1 ratio.

It was recently suggested that in the dense group IVa
hydrides, where hydrogen is a dominant constituent, metallic
states and superconductivity could be reached by subjecting
the hydrides to high compressions.® The experimental con-
firmation quickly followed with the claim of the pressure-
induced metallization and superconductivity in silane (SiHy)
atabove 50 GPa.”” We have argued'* that at pressures above 50
GPa, silane partially decomposes, releasing hydrogen, which
readily reacted with platinum electrodes used for the conduc-
tivity measurements in Ref. 29. We have also suggested'* that
the superconductivity and very low compressibility observed
in Ref. 29 are much more likely to be due to the formation
of the metallic platinum hydride rather than pressure induced
metallization of the relatively soft molecular crystal of SiHy.
Most recent careful studies on silane revealed amorphisation,
partial decomposition and recrystallisation into a polymeric
phase®” which remains insulating to at least 150 GPa.*?

Here, we have performed ab initio calculations on the
thermodynamic stability of the PtH-II phase and investigated
the possibility of superconductivity. At lower pressure, e.g.,
40 GPa, the hcp structure proved to be dynamically unstable,
giving soft phonon modes with associated imaginary frequen-
cies. However, due to a pressure-induced phonon stabilization,
the imaginary frequencies at the I' point of the Brillouin
zone become real at 80 GPa and this structure emerges as
dynamically stable at around 90 GPa, with the disappearance
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FIG. 2. (Color online) The atomic arrangement for the PtH-II
structure (visualised using VESTA?®). Two Pt atoms occupy the 2c
position (1/3 2/3 1/4) of the space group P6;/mmc (large spheres,
red online), as determined by x-ray diffraction in the present work.
The octahedral interstitials (shaded) are occupied by the hydrogen
atoms at the positions 2a (0 0 0) (small spheres, blue online), in
analogy with other known hcp metal hydrides®. The bond length
between Pt and H as shown here is 1.994 A (at 30.5 GPa).

of a soft mode along the I'-M line. Despite the instability
at lower pressures, the proposed structure and stoichiometry
turned out to be the most stable in our calculations. More
interestingly, superconductivity appears with an estimated
T. value of 12 K at the pressure of 90 GPa. The inset
to Fig. 3 shows the calculated 7, that are comparable to
the experimentally observed superconducting temperatures in
the claimed “metallic silane,”?° which we interpret here as
superconductivity in PtH.

At ambient pressure, platinum is known to have a supercon-
ducting transition at millikelvin temperature range.** There-
fore, the solubility of hydrogen at high pressures enhances
the temperature of the superconducting transition by several
orders of magnitude. In most superconducting d-metals, the
presence of hydrogen in the metal lattice either decreases
the critical temperature (e.g., TcH, ReH,, VH, NbH) or does
not affect it at all (e.g., RuH, MoH).*> Paladium in which
no superconductivity has been detected down to 2x10™* K
shows a similarly high 7, in paladium hydride of about 9-11
K. The observed superconductivity in silane that is here
attributed to platinum hydride and the high calculated values
of T, for hcp PtH is a remarkable finding for such a simple
system.

Our combined diamond-anvil-cell experiments and
theoretical calculations have demonstrated the possibility of
the room temperature (“cold”) high-pressure synthesis of
superconducting platinum hydride with a low compressibility.
Most syntheses of metal hydrides are reported at high
temperatures and pressures below 10 GPa, with such limit
in pressure imposed by the large volume press techniques
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FIG. 3. (Color online) Equations of state of platinum hydride. The solid diamond symbols show the P-V data for PtH-I and PtH-II phases,
and open diamond symbols show the P-V data for the fcc phase of Pt, all measured in the present work. Solid squares show the data from
Ref. 29 for comparison. The solid curve shows a Vinet-type fit for the equation of state of the PtH-II phase, with the dashed line showing the
equation of state calculated from first principles at 300 K using LDA (while the EoS resulting from GGA lies slightly higher). For comparison,
the equations of state are shown for pure Pt from the Refs. 24 and 25 (thin solid curve) and H, in Pt + %Hz from Ref. 30 (dash-dotted line).
Left inset shows the calculated superconducting transition temperature 7, in the hcp PtH-II phase as a function of pressure. Right inset gives
values of the electron—phonon coupling parameter, A (solid symbols), and the asymptotic phonon momentum wy,, (open symbols).

used.””® It is only recently that the diamond anvil cell
technique has been applied for the direct synthesis of hydrides
from pure elements at higher pressures enabling the formation
of copper hydride at 14 GPa*® and platinum hydride at 26
GPa.'? Our results demonstrate the power of this experimental
technique, reporting interesting properties of the platinum
hydride synthesised at pressures above 27 GPa.

Finally, our results are of importance to the field of
high-pressure science from the point of view of experimental
techniques. For many years, platinum has been used in high-
pressure experiments as a pressure calibrant, heat absorber,
or electrical probe material without the formation of platinum
hydride being considered. Our results show that the possibility
of platinum hydride formation must be taken into account
in experiments involving hydrogen. Due to the high T,
and low compressibility of platinum hydride, the results

presented in this study will undoubtedly stimulate theoretical
and experimental studies of the properties and synthesis of
hydrogen-rich metallic compounds.
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In situ x-ray diffraction experiments on rhenium hydride compressed up to 46 GPa reveal a hydro-
gen solubility (x) significantly larger than the previously assumed saturation limit of x ~ 0.38(4).
In the layered anti-Cdl,-type structure of rhenium hydride, the hydrogen solubility was found to in-
crease to x ~ (0.5 at 15 GPa over time. When heated to temperatures above 420 K at pressures above
23 GPa, rhenium hydride undergoes an isomorphous phase transition into the NiAs-type structure ac-
companied by an increase in hydrogen solubility to x ~ 0.85. The formation of fully stoichiometric
rhenium hydride is discussed. © 2011 American Institute of Physics. [doi:10.1063/1.3652863]

. INTRODUCTION

The metal hydrides have attracted increased attention
in the recent past, owing to their applications in industry
and their importance for fundamental science.'™ While many
metals readily react with hydrogen to form hydrides at ambi-
ent conditions, most transition metals between the chromium
group (group 6) and copper group (group 11) do not.> With
the exception of palladium, high pressures, and high temper-
atures are necessary for the synthesis of binary hydrides. At
pressures above 1 GPa, the solubility of hydrogen in these
metals rises steeply and most of them form hydrides under
thermodynamic equilibrium conditions.* The exact synthe-
sis conditions vary widely, ranging from just 0.6 GPa in the
case of nickel hydride® to 27 GPa for platinum hydride.® At
even higher pressures, the synthesis of silicon tetrahydride at
124 GPa from the constituent elements was reported
recently.” Most of these compounds show ideal or at least
near stoichiometric composition, i.e., usually a H/M atomic
ratio of 1:1, where M denotes the metal. Only the hydrides
of ruthenium, copper, and rhenium have never been found to
exhibit a hydrogen solubility x > 0.5. While for ruthenium
hydride, the hydrogen solubility was found to be extremely
small (only x = 0.035),% the only study on a high-pressure
synthesis of copper hydride finds a hydrogen solubility of up
to x = 0.4.° However, the data reveal no signs of saturation
and higher solubilities might be possible.

While reports on the high-pressure syntheses of the bi-
nary hydrides of copper and ruthenium are scarce, rhenium
hydride is a well-studied material.'*~'® Owing to its very high
bulk modulus (370 GPa), but at the same time low brittle-
ness, rhenium is widely used in high-pressure science as a
gasket material. The formation of rhenium hydride in the gas-
ket at high pressure is a well-known fact (see, e.g., Ref. 14).
The hydride was first synthesized almost 30 years ago in a
large volume press at pressures around 9 GPa and tempera-
tures of 440 K.'° Measuring the amount of hydrogen released
by quenched samples, a maximum hydrogen solubility of x

3 Electronic mail: e.gregoryanz@ed.ac.uk.
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~ (.22 was found. This value was later confirmed by neutron
diffraction experiments.!' In the mid 1990s, diamond anvil
cell (DAC) experiments revealed an increase in solubility to
x ~ 0.38(4) when rhenium is compressed under a pure hy-
drogen atmosphere to above 9 GPa at room temperature.'? To
date, this is the commonly accepted stoichiometry of rhenium
hydride and even at much higher pressures (above 100 GPa),
no increase in solubility was detected.'* Here, we present re-
sults from x-ray diffraction experiments on the rhenium hy-
drogen system compressed to pressures of up to 46 GPa using
the diamond anvil cell technique and simultaneous heating to
temperatures up to 570 K. We found a drastically increased
hydrogen solubility and suggest that ReH;y forms at suffi-
ciently high pressures.

Il. EXPERIMENTAL DETAILS

In the first of two independent experiments, the for-
mation of rhenium hydride from the gasket material in a
DAC was observed which is a common situation in high-
pressure experiments involving hydrogen. In the second run,
pristine Re powder was loaded into a DAC. In both runs,
symmetric DACs were used and hydrogen was gas-loaded to
a pressure of 1500 bar. The solid hydrogen also acted as the
pressure transmitting medium. The revised hydrostatic ruby
pressure scale was used to measure the pressure inside the
sample volume.'” The ruby fluorescence signal indicated that
the conditions remained quasi-hydrostatic up to 46 GPa, the
highest pressures reached in this study. In the second run,
the Re-gasket was sputter coated with gold to prevent the
formation of rhenium hydride in the gasket. In order to allow
full hydrogenation, the sample was loaded and compressed to
15 GPa more than one month prior to carrying out the x-ray
measurements. The cells were heated in an oven to tempera-
tures between 420 K and 570 K for durations between 8 h and
20 h. X-ray diffraction experiments were conducted at the
high-pressure beam line I15 at the Diamond Light Source,
UK. Synchrotron radiation at a wavelength of 0.4133 A
(30 keV) was collimated by a stack of tungsten pinholes

© 2011 American Institute of Physics
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FIG. 1. Diffraction patterns of Re-H before (lower, black) and after (upper,
red) heating. The diffraction pattern before heating was taken at 18 GPa, the
pattern after heating at 23 GPa. The insets show the disappearance of the
(001) and (003) superstructure reflections. In circles (green): Reflections of
fce-Au from the sputter-coated gasket. The optical microscopy picture shows
the gasket, gasket hole, Re-piece, and ruby sphere. The dark shaded area
shows the extension of the original gasket hole before partial collapse during
compression and heating. The culet diameter is 250 pm.

to obtain a beam diameter of ~20 pum. Angular dispersive
powder diffraction patterns were recorded using a MAR345
image plate detector. All data after heating were taken after
the cells cooled down to room temperature. The diffraction
patterns were integrated using the FIT2D software.'®

lll. RESULTS AND DISCUSSION

In both runs, before and after heating, the integrated
diffraction patterns clearly show the hcp-like structure of rhe-
nium hydride up to 46 GPa (see Fig. 1), which can be indexed
in the P63/mmc space group. Also in both runs, a difference
in unit-cell volume between pure rhenium and our sample
was found, indicating the formation of rhenium hydride (see
Table I). Before the first heating cycle, we were able to ob-
serve weak reflections at 20 ~ 5.4° and 20 ~ 16.2°. These
can be identified as the Re-H superstructure peaks of the (001)
and (003) forbidden reflections, first reported by Kawamura

TABLE 1. Lattice parameters and unit-cell volumes per rhenium atom of
rhenium hydride at various pressures. The data at 18.2 GPa was taken before
heating, at 23.2, 35.2, and 45.2 after heating. Data at 46.0 GPa was taken after
heating to 570 K. The volume of pure Re at the same pressures and the vol-
ume difference are added for comparison. The hydrogen solubility is found
by dividing the volume difference by the volume expansion per hydrogen
atom (i.e., 2.0 A3 — see text).

P (GPa) a(A) c(A) Vat (A% VRe (A% AV (AY)
182 2.801(1)  4.427(1) 15.04(1) 14.05 0.99
232 2.811(1)  4.421(1) 15.13(1) 13.90 1.23
352 2.801(1)  4.410(1) 14.98(1) 13.55 1.34
452 2.794(1)  4.438(1) 15.00(1) 13.29 1.71
46.0 2.732(1)  4.321(1) 13.96(1) 13.28 0.68

J. Chem. Phys. 135, 214501 (2011)

et al."> After heating the samples for several hours (8 h at
470 K and 23 GPa), the superstructure peaks disappeared and
an increase in unit-cell volume was measured (see Table I at
23.2 GPa). Upon further pressure increase, the volume differ-
ence to pure Re increased monotonously. The highest pressure
reached in the second run was 35 GPa due to diamond failure
at this point. In the first run, the volume increase was found to
continue up to 46 GPa, at which pressure, the cell was heated
to 570 K for 8 h. During the heating, the gasket hole collapsed
completely. The non-hydrostatic ruby signal did not indicate
a significant pressure drop and we were able to detect the rhe-
nium hydride signal from the gasket in which we measured
a drop in unit-cell volume (see Table I at 46.0 GPa). At this
point, the superstructure reflections also appeared again. On
pressure decrease, the volume difference remained constant.
It is generally accepted that in a hydride with a metal host
lattice of hexagonally closed packed structure, the hydrogen
atoms occupy the octahedral equilibrium interstitial sites,’
resulting in a NiAs-type structure. This has been confirmed
experimentally by neutron diffraction for rhenium hydride.'!
The presence of the hydrogen atoms leads to an expansion
of the host lattice, which, for ReHy 3, was measured by neu-
tron diffraction to be 2.0 A® per hydrogen atom.'' The ex-
act reason for this volume expansion is yet unclear but it
was suggested that it might be due to electron donation of
the absorbed hydrogen atom to the s- and d-bands of the
host metal.!” Furthermore, a linear dependency of the hy-
drogen solubility on the lattice expansion was found.*'? To-
gether with measuring the unit-cell volume, this allows for the
in situ determination of the hydrogen content in x-ray studies.
Other methods of determining the hydrogen content are (i)
measuring the amount of released hydrogen from quenched
samples'” and (ii) determining the hydrogen to metal atomic
ratio by neutron diffraction.'' However, because of the ex-
tremely small sample quantities produced in a DAC and the
common inaccessibility of pressures above 20 GPa by neu-
tron diffraction, the comparison of unit cell volumes remains
the only viable method to determine the hydrogen solubility
in metal hydrides synthesized in the DAC. This method was
used to determine the hydrogen solubility in ReHg 4."*""°
As mentioned above, Kawamura et al.' reported that
ReHy3¢ exhibits a layered superstructure where hydrogen
atoms occupy only every second layer in the hcp lattice. In
accordance with the notation for other metal hydrides (see
below and Ref. 4), this anti-Cdl,-type structure of rhenium
hydride will be referred to as the the e;-phase here. This
phase has been found to be stable up to very high pressures
above 100 GPa.'*?" The presence of the (001) and (003) su-
perstructure reflections in our data confirm that before heat-
ing our sample was indeed in the €;-phase (residing at pres-
sure for more than one month). At this point, we measured a
volume difference of 1.98 A3 per unit-cell or ~0.99 A3 per
metal atom (see Table I at 18.2 GPa), indicating a hydrogen
solubility of x ~ 0.5. This is already larger than the previ-
ously reported maximum solubility of hydrogen in rhenium of
x < 0.4. The increased hydrogen solubility in our sample can
be explained by the long hydrogenation time. Most previ-
ous experiments were presumably performed on a time scale
of a few hours between initial hydrogenation and reaching
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FIG. 2. (a) Layered anti-CdI,-type structure of €1-RepH. The arrows indi-
cate the displacement of the Re-atoms from their equilibrium positions in the
hep lattice (not to scale). This displacement gives rise to the superstructure
reflections in €1-ReyH. (b) NiAs-type structure of €3-ReH. The transparent
blue sheets depict hydrogen layers with available interstitial sites. In both fig-

ures, the unit cell is indicated by the wire frame and circles around atoms
belonging to the unit cell.

the highest pressure. If slow kinetics hinder the immediate
hydrogen saturation, this would not be seen in those exper-
iments. A hydrogen solubility of x ~ 0.5 would also be the
stoichiometric composition of €;-Re,H.

After heating the sample to 420 K at a pressure of
23 GPa, an increase in unit cell volume difference to AV
=246 A3 (atomic volume difference AV, = 1.23 A3) was
measured, which we interpret as an increase in hydrogen sol-
ubility to x ~ 0.6. At this point, we were not able to observe
any superstructure reflections anymore, indicating an isomor-
phous phase-transition into a structure where the hydrogen
atoms randomly occupy the vacant interstitial sites. This cor-
responds to a deficient NiAs-type structure and will be de-
noted as the €, phase here. For a comparison of the two struc-
tures, see Fig. 2. The €; — €, phase transition is also evident
in a change of the c/a ratio of the hydride lattice parameters.
Pure rhenium has a c/a = 1.613, while €;-ReH 4 has a pres-
sure independent c/a = 1.583."* We measured c/a = 1.582(2)
for the €,-phase and a lower c¢/a = 1.573(2) for the €;,-phase,
both constant with pressure.

Upon pressure increase, the difference in unit-cell vol-
umes between pure rhenium and rhenium hydride and thus
the hydrogen solubility increased further to reach a level of
x ~ 0.7 at 35 GPa in the second run. Data from the first run
up to 46 GPa showed a further increase to x ~ 0.85, the high-
est value reached in this study and more than twice as high
than the previously found saturation limit (see Fig. 3). Lin-
ear extrapolation of x leads to the estimate of full stoichiom-
etry at pressures between 50 and 70 GPa (shaded area in
Fig. 3). A continuous increase in hydrogen solubility with
pressure is not uncommon and can also be observed in rhe-
nium upon initial hydrogenation in the €;-phase. At ambi-
ent temperature, the hydrogenation process in rthenium starts
at 5 GPa and leads to an early saturation at 10 GPa with
x ~ 0.4."° Further increase of the hydrogen solubility to 0.5
might be hindered by slow kinetics and is only observable
with time. Interestingly, both technetium hydride and cobalt

J. Chem. Phys. 135, 214501 (2011)
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FIG. 3. Evolution of volume differences (right vertical axis, volume per
metal atom, see Table I) and derived hydrogen solubility (left vertical axis)
assuming 2.0(1) A3 per hydrogen atom (Ref. 11). The uncertainty in the
volume (error bars) is estimated from the extrapolation to higher hydrogen
solubilities and represents the methodological error. Larger filled symbols
denote results from this study. Light blue triangles: Data from second run
before heating (below 23 GPa). Dark blue triangles: Data from second run
after heating (above 23 GPa). The upward arrow indicates the changes upon
heating. Red circles: Data from the first run after heating. Black squares:
€1-Re-H transformed back from €;-Re-H after heating to 570 K (indicated
by the downward arrow). Data from other publications (diamonds (Ref. 13),
stars (Ref. 15), crosses (Ref. 14)) are included for comparison. The shaded
area is a guide to the eye for a linear extrapolation of the present data to full
stoichiometry which would be achieved at pressures between 50 and 70 GPa.

hydride also exhibit a structure similar to layered €;-Re,H.*
The €;-phase in Co-H emerges at a hydrogen solubility of
x ~ 0.38, coincidentally also the highest hydrogen content
previously reported for Re-H synthesized at room tempera-
ture and the composition at which its layered structure was
first described by Kawamura et al.'> At slightly higher val-
ues (x ~ 0.45), technetium hydride also exists in the layered
€1-phase. With increasing pressure, both hydrides show an in-
crease in hydrogen solubility. At ~7 GPa, Co-H undergoes a
structural phase transition to the face centered cubic y-phase
which quickly approaches ideal stoichiometry (i.e., x ~ 1).
Tc-H undergoes an isomorphous transition to the NiAs-type
€, phase at just over 1 GPa and reaches x ~ 0.8 at 2 GPa.”!
In particular, the €; — €, transition in Tc-H is similar to our
findings in Re-H although at much lower pressures.

The observation that the €, phase in Re-H is stable af-
ter cooling down to room temperature suggests the presence
of a large energy barrier preventing the phase transition at
lower temperatures. Interestingly, heating to 570 K for 8.5 h
at 46 GPa decreased the hydrogen solubility to x < 0.4. At
the same point the (001) and (003) superstructure peaks ap-
peared again, i.e., rhenium hydride transformed back into the
€-structure (see Fig. 3). Upon pressure decrease, x remained
constant within the error of the experiment (non-hydrostatic
conditions). One explanation for the transformation from the
€>-back into the €;-phase could be pressure and tempera-
ture driven hydrogen diffusion further into the gasket. At the
point, where the gasket hole collapsed completely due to hy-
drogen loss, the central hydrogen supply was depleted and
the hydrogen solubility would drop. Below a certain limit
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(presumably x ~ 0.5), the hydride would then transform back
into the €;-phase.

IV. CONCLUSION

We have shown that under pressure and with time, rhe-
nium hydride in its €;-anti-Cdl,-phase approaches its stoi-
chiometric composition of Re,H and that the application of
high temperature at elevated pressures induces an isomor-
phous €; — €, transition to the NiAs-type structure. This
transition is not observed in rhenium hydride at room tem-
perature and pressures up to 120 GPa. The e,-phase has a
significantly higher hydrogen solubility of up to x ~ 0.85.
Our data indicate that fully stoichiometric rhenium hydride
might form at pressures above 50 GPa. We further suggest
that the presence of an energy barrier prevents the forma-
tion of the e;-phase at room temperature. Most d-metal hy-
drides have so far only been studied in the large volume press,
i.e., at pressures below 10 GPa. The results presented in this
study are a sign that also other metal hydrides might exhibit
interesting properties at higher pressures that have not been
discovered yet.
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We used Raman and visible transmission spectroscopy to investigate dense hydrogen (deuterium) up to
315 (275) GPa at 300 K. At around 200 GPa, we observe the phase transformation, which we attribute to
phase III, previously observed only at low temperatures. This is succeeded at 220 GPa by a reversible
transformation to a new phase, 1V, characterized by the simultaneous appearance of the second vibrational
fundamental and new low-frequency phonon excitations and a dramatic softening and broadening of the first

vibrational fundamental mode. The optical transmission spectra of phase IV show an overall increase of
absorption and a closing band gap which reaches 1.8 eV at 315 GPa. Analysis of the Raman spectra suggests
that phase IV is a mixture of graphenelike layers, consisting of elongated H, dimers experiencing large

pairing fluctuations, and unbound H, molecules.

DOI: 10.1103/PhysRevLett.108.125501

The behavior of hydrogen at very high pressures is still
poorly understood due to the limitations imposed on con-
ventional experimental techniques. Currently, three solid
phases of hydrogen and deuterium (labeled I, II, and III)
are known (see Fig. 1) [1,2]. Phase I has a hexagonal
closed-packed structure with freely rotating molecules.
Phase II (the broken symmetry phase), which possesses
some degree of orientational order and may differ from the
lattice symmetry of phase I, exists at temperatures below
135 K and up to ~160 GPa [3,4]. Phase III is separated
from phase II by an almost vertical phase line from 0 to
125 K at ~155 (165 for D,) GPa [5,6], and the transition
between the two is characterized by a large discontinuity
(~ 100 cm™!) in the vibron frequency. Phases I, II, and III
coexist at a triple point at 125 K and 155 GPa (135 K and
165 GPa for D,), above which a phase line with positive
slope separates phases I and III. The I-III transition exhibits
a similar discontinuity in vibron frequency which rapidly
decreases with increasing temperature, disappearing at
250 K [7]. At 77 K and pressures in excess of 275 GPa, a
change of color [8,9] and band gap of the order of 2 eV has
been reported with an estimation that the band gap would
close at pressures of 420-450 GPa [8—10]. Because of the
difficulties associated with the containment of hydrogen at
high pressures and elevated temperatures (> 250 K), the
highest pressure reached at 300 K prior to this study is
approximately 180 GPa [11]. Therefore, experimental
high-pressure 300 K studies of hydrogen are of fundamen-
tal interest, as they may reveal new facts relevant to the
I-1IT and other possible phase transformations or even shed
light on the behavior of the melting curve at high pressures
[12-14] and predicted unusual liquid state [15].
Vibrational spectroscopy is crucial for making direct mea-
surements on the state of bonding of the material at high
pressures and temperatures. In addition to information on

0031-9007/12/108(12)/125501(5)
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bonding, these spectroscopic techniques have been the sole
means for identifying phase transitions in H, at above
150 GPa, because vibrational excitations are extremely
sensitive to changes in crystal structure, including melting
[5,6,12]. The combined experimental evidence, from the
shock-wave study on hot dense liquid hydrogen [16]
and from static studies [12,14] on solid and liquid hydro-
gen states, indicates that the application of “high”
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FIG. 1 (color online). Proposed phase diagram of H,. The
melting curve (thick solid line) is a Ketchin fit from Ref. [12],
and the symbols along it are from Refs. [12,27]. The solid lines
separating the phases I, II, and III are from Ref. [28]. The thin
solid lines show the P-T paths taken in this study, and the stars
along them show phase I to III and III to I'V transformations. The
dashed lines are proposed boundaries between I-III, III-IV, and
I-IV phases. The calculated transition lines between molecular
and atomic liquid are shown with dashed lines and crosses [24]
and triangles [25]. The microphotographs show the appearance
of deuterium in phase I and hydrogen in phase IV.
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temperatures might facilitate the dissociation of the hydro-
gen molecule and therefore promote transformation to an
atomic and metallic state at lower pressures. In this Letter,
using high-pressure Raman and visible transmission spec-
troscopy, we show that at high temperatures (7 = 300 K)
and above 220 GPa hydrogen adopts an unusual structure
containing 6-atom rings corresponding to a ‘‘predissoci-
ated” semimetallic state separated by a layer of free-like
(unbound) molecules.

We have conducted several experiments at room and low
temperatures on H, (and D,) with the highest pressures
reached 315 (275) GPa (see Ref. [17] for the details). With
increasing pressure, the low energy (< 1000 cm™!) bands
of H, (D,) broaden and decrease in intensity [Figs. 2(a) and
2(b)]. However, when pressures above ~190 GPa were
reached, we observed the appearance of a new, relatively
intense broad Raman band at 500 cm™! (Fig. 2). The
emergence of this band is accompanied by the drastic
change of the slope of the main vibrational mode »,
from —5 to —12.7 cm™!/GPa (Fig. 3). The full width at
half maximum (FWHM) of the »; mode also reflects
changes at the transition; from the solidification point at
5.5 GPa, the FWHM increases linearly, reaching 100 cm ™!
by 210 GPa. At this point, the broadening abruptly changes
rate, and within an interval of 50-60 GPa (at 260-270 GPa)
the FWHM reaches ~460 cm ™! (Fig. 3). Our observations
of the low energy broad band are similar to a band at
450 cm™! observed in H,-III at 178 GPa and 18 K [6]).
The change in slope of the v and the increase of FWHM
are in good agreement with similar observations made in
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FIG. 2 (color online). Representative Raman spectra of H,
(a) and D, (b) at different pressures (shifted vertically for
clarity). The weak broad peaks at ~2400 cm~! on spectra at
120 GPa for H, and 90 GPa for D, are due to the 2nd-order
Raman from diamond. The inset in (a) shows the stressed
diamond peak at 315 GPa.

phase III at low temperatures (18 K for librons and 250 K
for vibrons) [6,9]. The 190 GPa-300 K P-T point, where
we observe an apparent phase transition, could fit on the
phase I-III boundary of existing low temperature data if
extrapolated to 300 K and above 190 GPa (Fig. 1).

As pressure is increased above 220 GPa and the v| mode
reaches a frequency of ~3800 cm™!, the transition to a
new phase (referred here as I'V) starts. The transformation
is evidenced by the profound changes in vibrational and
low (< 1200 cm™!) energy spectra. At above 220 GPa, the
low-frequency broad band is superseded by three new
sharp Raman modes. A new vibrational mode (v, ~
4150 cm™!) appears at 235 GPa (Fig. 2). At the same
pressure, the v, frequency reduces below the values ex-
pected for the vibron of phase III at 77 K (Fig. 3). This
observation suggests that phase IV has a modified bonding
character compared to phase III (see below). The »; mode
frequency softens very rapidly with pressure at a much
higher rate than the vibron of phase III. At 315 GPa, the
frequency of the 7, mode is 2750 cm™ ! (35% reduction of
frequency compared to ~4260 cm™! at 40 GPa where the
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FIG. 3 (color online). H, and D, phonons frequency shifts as a
function of pressure. Open squares are the v, v,, and low energy
modes of hydrogen; open circles are »; and v, modes of
deuterium. The dashed lines are infrared and Raman measure-
ments at low temperatures from Refs. [6,8,20]. The solid line is
the »; mode of deuterium at 300 K from Ref. [11]. Inset:
Hydrogen v, (solid circles) and v, (open squares) modes
FWHM as a function of pressure.
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v mode goes through the maximum of its frequency),
which is much lower than that in phase III at 77 K and
320 GPa (v, ~ 3400 cm~! [8]). The FWHM of the v,
mode lies on the linear extrapolation of the vibron mode
of phase I (Fig. 3) and is clearly driven by the normal
pressure-induced broadening unlike the »; mode, indicat-
ing two very different local atomic environments involved
in these modes (see below). In the high-pressure regime,
the frequency of the v, versus pressure shows a slope
change (slope changes from —12.7 to —7 cm™!/GPa),
and a 1050 cm ™! band branches off to give rise to another
weakly softening band above 280 GPa (Figs. 2 and 3),
which rapidly increases in intensity. The relative intensity
of the lowest-frequency band at 295 cm™! significantly
increases, while the mode shows small softening with
pressure (Fig. 2). This complex behavior suggests that
the »; mode couples to other modes of the same symmetry
(e.g., Ref. [18]) with the gain of intensity for the 295 and
1050 cm™! modes. The strong coupling between the
modes also forces a small upturn of the »; vibron fre-
quency with pressure above 275 GPa (Fig. 3).

The structures of high-pressure phases of hydrogen are
unknown, which makes the definitive interpretation of the
observed phenomena difficult. We use the structure(s)
recently proposed by the ab initio theoretical calculations
for phase III of hydrogen [19] to analyze our findings. With
the inclusion of the zero-point energy, the calculations
suggest 3 structures (C2/c, Cmca-12, and Pbcn) as the
most plausible candidates for phase III. In C2/c and
Cmca-12 structures, all H, molecules have approximately
the same bond length (within 1%) but would have the
second Raman vibrational mode due to the Brillouin
zone doubling with respect to phase 1. This is in some
agreement with the experimentally observed infrared
[10,20] and », Raman [6] modes. The extremely weak
Raman v, vibron was observed in phase III and was
assigned to a folded mode from the Brillouin zone bound-
ary; the frequency of this mode is quite close to that of the
strong IR mode (Fig. 3), as they both correspond to the
vibrational states near the top of the vibrational band [21].
Both IR and Raman (at ~175 GPa) are relatively close in
frequency (~ 4400 cm™!) to the unbound state [21]. On
the other hand, the proposed for H,-IIl Pbcn structure
could explain all features of the Raman spectra of phase
IV reported here. This structure is highly unusual; it
consists of unbound molecules sandwiched between the
honeycomb graphenelike layers made of 6-atom rings,
which have different size lengths (from 0.85 to 1.04 A;
see Fig. S2 in [17] and Ref. [19]), yielding both molecular
and atomic hydrogen at the same time. The density-
functional theory calculations give the positions of
Raman active modes [19] for the Pbcn structure; we
observe 6 out of 16 predicted fully symmetric modes
(A;) which are expected to be the most intense. The
spectral positions of all observed modes agree well with

the theoretical calculations (see Fig. S3 in [17]). Using
empirical formula relating the frequencies () and the bond
lengths (r), vr® = const [22], we qualitatively assign the
observed vibron frequencies in the Pbcn structure. The
072 A length, which is very close to the bond length of an
unbound molecule, could be easily assigned to the v, mode
(v, ~ 4150 cm™ 1), and the v, 2800 cm ™! mode could be
assigned to the 0.82 A bond length. At this point we note
that 1.04 and 1.03 A bond lengths could correspond to a
calculated (see Fig. S3) and observed doublet at 1050
and 1200 cm~'. We have not observed the band at
~1800 cm™!, corresponding to the 0.95 A length, but
this band most probably is hidden behind the stressed
diamond signal, covering the area from 1333 to
1850 cm ™! at 315 GPa (inset in Fig. 2). Two other modes
observed here below 700 cm™! (Fig. 3) correspond to the
out-of-plane translational and librational modes.

The increased vibron mode softening, its broadening,
and the presence of the intense 7, mode in phase IV can be
understood by the difference in local molecular associa-
tion. Phase IV provides a unique continuous route for
molecular dissociation (retaining unbound molecules),
similar to that which has been previously observed in ice
VII through the hydrogen bond symmetrization [18]. In the
vicinity of the symmetrization transition, the lattice be-
comes highly anharmonic, causing a pronounced softening
and broadening of the O-H stretch mode [18] very similar
to the observations in this study. We speculate that the
pressure-dependent changes of the soft mode, mode cou-
pling, and optical absorption are related to the predicted
continuous structural transformation of the Pbcn structure
into the higher symmetry /bam [19] configuration with
formation of the perfect graphenelike hydrogen layers with
equal distances between atoms in a 6-member ring.
Because of the larger zero-point energy, the higher mobil-
ity of the proton compared to the deuteron is expected,
leading to the enhanced proton tunneling in the regime
approaching symmetrization as was observed in water
[23]. In this case, the hydrogen vibron would show larger
softening of the »; mode relative to deuterium as demon-
strated in the divergence from the +/2 ratio between H, and
D, v, modes (see Fig. S2 in Ref. [17]) as the lighter
hydrogen tunnels more easily. This also could explain the
presence of the regime of an increased optical absorption
above ~280 GPa (see Fig. 4). Above 268 GPa, a strong
band-gap feature appears in the spectra and shifts in red
with pressure. The overall absorption increases with pres-
sure in this regime; the sample becomes dark in
appearance (Fig. 1 and Ref. [17]). Although the band-gap
shift with pressure is comparable to that for phase III
(Fig. 4), the overall significant increase in absorption sug-
gests that above 278 GPa hydrogen may become semi-
metallic. This is in excellent agreement with the theoretical
prediction that Pbcn structure will metallize at above
300 GPa [19].
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FIG. 4 (color online). Optical absorption spectra of H, in a
visible spectral range at 300 K and different pressures. The
reference transmission spectrum was measured at 75 GPa.
Inset: Estimated band gap as a function of pressure at 300 K
(solid squares) and at 77 K from Ref. [8] (open triangles).

We have observed reversible phase IV to III transforma-
tions between 230 and 285 GPa upon cooling or warming
(see Fig. S5 in [17]). These results allow us to constrain the
phase diagram of hydrogen at very high pressures. Our
observations suggest that phase IV supersedes phase III at
high temperatures and will most likely become metallic.
The transition line between phases III and IV has a nega-
tive slope, and it is relatively shallow in P-T coordinates.
This substantiates that the transition is entropy driven,
which is supported by the described above difference in
structure and related to it proton tunneling in phase IV.
Theory [19], together with this experimental study, con-
firms that a unique mixed molecular and atomic state
provides a route to solid metallic hydrogen at high tem-
peratures. In order to better understand the connection
between the described here phase IV, the melting curve,
and predicted atomic liquid states [24,25], further inves-
tigations are clearly needed. We tentatively place the sec-
ond triple point at 210 GPa and 320 K, but the slope of the
I-IV boundary needs to be established. This boundary is of
particular interest, because it has important consequences
for the behavior of the melting curve. Independently of the
I-1V slope boundary, it is very likely that the melting curve
will change its slope at some P-T condition, because the
phases I and IV are very dissimilar. Depending on the sign
of this slope, one could expect that the predicted ground
liquid state [15] could be realized at higher pressures or
may be not realized at all as in case with Li [26]. Since
phase IV could have strong quantum tunneling of protons
within two-dimensional layers, it could possess some fea-
tures of quantum proton fluid. It is interesting to note that
the intersection of the molecular to atomic liquid states

boundary predicted theoretically [24,25] and the extrapo-
lation of the melting curve is in close proximity to the
stability field of phase IV discovered in this work (Fig. 1).
This is a clear indication of the connection between
changes in both liquid and solid states in this interesting
and unusual material.
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Auxiliary information for ”Mixed Molecular and Atomic Phase of Dense Hydrogen”

Ross T. Howie, Christophe L. Guillaume, Thomas Scheler, Alexander F. Goncharov and E. Gregoryanz

Experimental Details

We have generated high pressures in the long piston-cylinder diamond anvil cells of our own design with diamonds
having culet sizes from 50 to 20 microns. We have used rhenium foils of 200-250 microns thick as gasket material.
The hydrogen (deuterium) gas was clamped at ~1750-2000 bar and pressurised to 1 GPa while in the gas loader. The
primary experimental concern is the containment of such a light, reactive element as hydrogen at temperatures above
250 K (Refs. [12] and [14] in the main text of the paper). Hy can diffuse into diamond, causing anvil embrittlement
and contributing to anvil failure. In addition, the large stress-induced increase of fluorescence and optical absorption
in diamond anvils are amongst the many complications associated with high pressure optical studies. In this study,
we prevented the premature diamond failure by several improvements to previous experimental techniques. We have
used a focussed ion beam to drill a sample chamber in the rhenium gasket which avoided infra-red damage caused
by laser drilling (Fig. S1A, 1B). As in our recent study on Li (Ref. [26] of the main text of the paper), where the
identical problem of the diamond failure at room temperature also exists, we drilled the smallest possible sample
chamber therefore minimising the area of contact between the sample and diamond. The recent improvements of the
throughput and spatial resolution to our Raman set-up [S1] allowed us to collect signal from samples of 2 to 5 microns
in diameter (Fig. 1 in the main text of the paper and Fig. S1 below), while reducing the collection time to 2 s. We
have used 514 and 647 nm laser excitation wavelengths to measure the Raman spectra. We find that minimising
the time of diamond exposure to the laser light significantly decreases diamond failure. Nevertheless, in all our
experiments the front diamond through which the laser light was introduced to the sample chamber failed first. The
increased spatial resolution also allowed us to reduce the amount of pressure induced luminescence, resulting in high
quality spectra (see Fig. 2 in the main text of the paper). Below 150-160 GPa, pressure was measured using ruby
chips and correlated to the frequency of the stressed diamond edge. Above 170-180 GPa the stressed diamond edge
was used to estimate the pressure (see inset to Fig. 2 in the main part of the paper) using the Akahama et al. scale [S2].

[S1] M. Marques et al., Phys. Rev. B, 83, 184106 (2011).
[S2] Y. Akahama, and H. Kawamura, J. Appl. Phys. 96, 3748 (2004).



275 GPa

FIG. S1: Scanning ion micrograph of a laser-drilled (A) and ion-milled (B) gasket hole. Optical microscopy images of hydrogen
sample in transmitted and reflected white light at 275 GPa (C) and 310 GPa (D). Optical microscopy images of deuterium
sample in transmitted and reflected white light at 80 GPa (E) and 264 GPa (F)



Bonds lengths in the Pbcn structure at 300 GPa

FIG. S2: The structure and the bonds lengths of the Pben phase at 300 GPa with the atomic positions from Ref. [19] of the
main text of the paper.



Calculated and measured frequencies of the Pbcn structure.
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FIG. S3: The calculated (see Ref. [19] in the main text of the paper) fully symmetric (Ay) and measured Raman modes
at 270 GPa. The energy range between 1333 and 1850 cm ™! is covered by the Raman signal from diamond and no reliable
experimental observations could be made. The 3"¢ high frequency vibron predicted at ~4500 cm—1 was not observed probably
due to the reduced quantum efficiency of the CCD in this energy range.



Raman frequencies of deuterium versus frequencies of hydrogen at different pressures

In order to distinguish between rotational modes and phonons and to see if the hydrogen and deuterium vibrons
behave identically under pressure we have plotted the values of the observed frequencies of deuterium versus those of
hydrogen (Fig. S4). The frequencies of the phonons scale down as v/2 while the frequencies of rotons scale down as
2. At higher pressure the measured v; vibrons frequencies ratio deviates from /2 due to higher rates of tunneling in
hydrogen.
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FIG. S4: The values of the observed frequencies in hydrogen and deuterium from 70 to 275 GPa. The blue filled triangles are
v1 mode, the red filled circles are v, mode. The filled squares and stars are the low energy phonon modes. The arrows indicate
the change in frequency of the given excitation when pressure is increased. The straight solid line has slope of 1/+/2.



Phase IV to III transformation as function of temperature at different pressures.
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FIG. S5: Representative Raman spectra of hydrogen at 250-285 GPa upon cooling (left panel) and heating (right panel) showing
the IV <= III phase transformation and its reproducibility. The transformation between the phase is clearly attested by the
change of low energy (<1000 cm ™) phonons and vibrons (not shown) within narrow temperature range. The low temperature
doublet of phase III is identical to the one reported in the Ref. 10 of the main body of the paper.
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Proton tunneling in phase IV of hydrogen and deuterium

Ross T. Howie, Thomas Scheler, Christophe L. Guillaume, and Eugene Gregoryanz"
Centre for Science at Extreme Conditions and School of Physics and Astronomy, University of Edinburgh,
Edinburgh EH9 3JZ, United Kingdom
(Received 6 August 2012; published 10 December 2012)

Using in situ optical spectroscopy we have investigated the temperature stability of the mixed atomic and
molecular phases IV of dense deuterium and hydrogen. Through a series of low-temperature experiments at
high pressures, we observe phase I1I-to-IV transformation, imposing constraints on the P-T phase diagrams. The
spectral features of the phase IV-III transition and differences in appearances of the isotopes Raman spectra
strongly indicate the presence of proton tunneling in phase I'V. No differences between isotopes were observed in
absorption spectroscopic studies, resulting in identical values for the band gap. The extrapolation of the combined
band gap yields 375 GPa as the minimum transition pressure to the metallic state of hydrogen (deuterium). The
minute changes in optical spectra above 275 GPa might suggest the presence of a new solid modification of
hydrogen (deuterium), closely related structurally to phase I'V.

DOI: 10.1103/PhysRevB.86.214104

The recent experimental discovery of phase IV of hydrogen
and deuterium is exemplary of how studies of hydrogen at
multimegabar pressures is constitutive to the understanding
of the pressure-induced complexity in simple systems at
extreme compressions.! Raman studies have shown that,
at 300 K, hydrogen transforms to a new phase (phase IV) at
pressures above 220 GPa. Quite unique and unusual features
of the Raman spectra, e.g., the appearance of the second funda-
mental vibrational mode, were interpreted as phase IV, consist-
ing of graphene-like six-member rings made up of elongated
H, dimers, which experience large pairing fluctuations, and
unbound H, molecules. This unusual structure, having Pbcn
symmetry and 48 atoms per unit cell, was earlier proposed
by density functional theory (DFT) as a possible candidate
for phase III at 0 K.> The newly found experimental ability
to compress hydrogen at room temperature above 180 GPa
in the diamond anvil cell has resulted in major revision of
the hydrogen phase diagram.! However, the new findings
did not answer many questions and both experimental®
and theoretical®> studies produced somewhat contradictory
results, posing many more uncertainties about the possible
states of dense hydrogen. For example, in one experimental
study at 300 K, H, phase IV was probably observed (which
is not supported by the data presented on deuterium) however
the authors did not suggest a mixed atomic-molecular state,
instead claiming pressure-induced molecular dissociation and
metallization above 260 GPa.? On the other hand, theoretical
studies*> predict the transformation of phases III and IV into
molecular phase V at pressures above 250 GPa, which is at
variance with many experimental observations.-*~

Our previous study focused on the behavior of hydrogen
and deuterium at 300 K and' reported some preliminary results
on H, phase IV at low temperatures. Compared to the three
other molecular phases (I, IT and II0),° little is known about the
low-temperature stability field of H, phase IV' and nothing is
known about the stability field of deuterium phase IV. As
hydrogen and deuterium have the highest relative isotopic
mass difference among elements, the effects of zero point
energy (ZPE) might play an important role. Based on the
fact that phase IV exists at relatively “high” temperatures and
the transition line separating it from phase III has a negative

1098-0121/2012/86(21)/214104(6)

214104-1

PACS number(s): 62.50.—p, 61.50.Ks, 78.40.Ri

slope with respect to the pressure axis, we surmised' that the
transition to the mixed state (phase IV) is entropy driven. This
suggestion is supported by the significant differences in the
Raman spectra of phase III vs phase IV, which is indicative of
very dissimilar structures of these phases. Since the structure
of phase III is not known and the proposed structural model
for phase IV needs confirmation, it is impossible to make a
quantitative comparison of entropies and ZPEs of both phases.
Therefore, experiments aimed at determining the stability
fields of hydrogen (deuterium) are highly desirable and of
fundamental interest, because they are expected to provide
a clear picture of the hydrogen (deuterium) phase diagram
and therefore reveal new aspects relevant to the theoretical
modeling and interpretation.

In this study, we mapped out phases III and IV of deuterium
(hydrogen) up to 300 GPa and between 200 and 300 K. We
investigate the low-temperature stability of deuterium (hydro-
gen) phase 1V, revealing the differences in the stability fields
of the isotopes and similarities in the electronic structures. We
show that the phase III-to-IV transformation is accompanied
by a large discontinuity of the fundamental vibrational mode
frequency, the largest discontinuity observed between different
phases of hydrogen (deuterium). We also demonstrate that
the full width at half-maximum (FWHM) of the vibrational
fundamental reaches ~450 cm™! for H, and ~250 cm™! for
D, in phase IV while staying below ~150 cm™' for both
isotopes at pressures above 250 GPa in phase III. The large
difference between the peak widths of the main vibrational
modes of the two isotopes in phase IV indicates substantial
proton tunneling in hydrogen, probably due to the higher ZPE
of the lighter species.

High-purity normal D, (H,) was loaded at 0.2 GPa into
a long piston-cylinder diamond anvil cell and compressed
at room temperature. At the desired pressure, the cell was
mounted in a custom-built continuous-flow cryostat and
Raman measurements were performed on cooling/warming
scans between 200 and 300 K. We have used both 514-nm
Art ion and 647-nm Kr" ion laser excitation wavelengths
for optical measurements. Pressure was determined from the
shift of the T,g Raman band of the stressed diamond using

©2012 American Physical Society
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FIG. 1. (Color online) Representative Raman spectra of deu-
terium upon cooling (left) and warming (right) showing phase IV-III
transformations at 247 and 256 GPa. Inset: Coexistence of the v,
modes at 300 K and 230 GPa in phases III (higher frequency mode)
and IV (lower frequency mode)

the relation proposed in Ref. 10. For a full description of the
experimental procedures see Refs. 1 and 11-14.

Selected Raman spectra of deuterium at 247 and 256 GPa
and at various temperatures are shown in Fig. 1. At room
temperature (phase IV) both v; and v, vibrational modes are
clearly visible, having very different widths. Upon cooling at
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247 GPa the v; mode of D, shows splitting, with a higher
frequency band emerging from phase III and the lower band
from the remaining phase IV (Fig. 1). Upon cooling the
intensities of all Raman modes associated with phase IV
decrease, while new peaks appear and grow (Fig. 1). By
285 K, the transition to phase III is complete, the v, mode
disappears, and the v; hardens significantly. To our knowledge,
there are no published Raman spectra of low-frequency
modes in phase III of deuterium to compare our data with.
However, the overall spectrum appearances"'> and V2 scaling
of the corresponding modes frequencies between hydrogen
and deuterium’'® unequivocally demonstrate that the phase at
low temperatures is phase III. The temperature scans at higher
pressures (e.g., the 256 GPa run in Fig. 1) show identical
changes in the Raman spectra, although at different transition
temperatures. We find that the III <> IV transformation in both
isotopes is very well defined, happens within a 10 K range,
and is reversible without any hysteresis in either pressure or
temperature, which is expected from light materials with high
ZPEs. The spectral positions of the fundamental vibrational
modes of both isotopes shift considerably during the phase
transition and the value of the shift increases with increasing
pressure and decreasing temperature [Fig. 2(a)]. For example,
when phase IV is reached for deuterium at 300 K and 230 GPa
the discontinuity between the vibron modes in two phases
is around 60 cm™! (see inset in Fig. 1) but as the pressure
is increased above 230 GPa and the temperature lowered, the
vibron mode frequencies undergo more pronounced hardening
upon entering phase III from phase IV, reaching discontinuity
values of above 200 cm ™! [Fig. 2(a); see also below and Fig. 3].

The most interesting observation is the discontinuity of
the FWHM of the v; mode at the III <> IV transition, which
reflects fundamental changes during the phase transformation
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FIG. 2. (Color online) (a) Frequency discontinuities of the v; modes of H, (filled triangles, 262 GPa; filled circles, 242 GPa) and D, (open
squares, 256 GPa; open diamonds, 247 GPa) across the I1I-to-1V transformations. (b) FWHM of the v, vibrons of H, (filled triangles, 262 GPa;
filled circles, 242 GPa) and D, (open squares, 256 GPa; open diamonds, 247 GPa) plotted versus temperature. Note the quite similar values of
FWHM for both isotopes in phase III. Lines in (a) and (b) are guides for the eye only. Inset: FWHM of the H, (filled circles) and D, (open

circles) vy vibron versus pressure at 300 K.
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FIG. 3. (Color online) Generalized P-7- v, diagrams for (a) D, and (b) H, showing the difference in the vibron frequency landscapes. P-T
phase diagrams for (c) D, and (d) H,. The lines separating the phases I, IT and III at temperatures below 200 K are from Ref. 9.

and demonstrates the quite unusual character of phase IV.
Figure 2(b) shows the FWHM of the v; vibron of D, (H»)
versus temperature at different pressures. In phase III, the
FWHM of v, is marginally larger for hydrogen—between
290 and 250 GPa the width of vy varies from 150 to 100
cm~'—while for D, it is from 100 to 75 cm~! [Fig. 2(b)].
However, in the same pressure range (290 to 250 GPa), the
picture changes quite drastically upon warming by 10 K
and entrance into phase IV: at 290 GPa v; for H, broadens
to ~450 cm™!' (350 cm™! at 250 GPa), while v; for D,
reaches ~250 cm~' at 290 GPa (150 cm™! at 250 GPa).
The most plausible explanation for the increased FWHM of
vy in phase IV is the intermolecular proton exchange and
reduced lifetime of molecules. The expanded intramolecular
bond length and association of these elongated molecules
in six-member rings'> would facilitate such intermolecular
proton tunneling in one phase (IV) compared to another (III)
under nearly identical P-T conditions; particularly, this effect
will be enhanced in lighter hydrogen as reflected by its much
larger FWHM. It is important to note that some other factors

such as larger anharmonicity or enhanced electron-photon
coupling could also be responsible for the observed mode
broadening. The ultimate explanation of the described effects
should come from theoretical studies. In fact, a very recent ab
initio variable-cell molecular dynamics simulations'” study
observed “intralayer proton transfer” increasing with pressure
and temperature in phase IV, in broad agreement with the
present work.

The effect of the increased FWHM of the vibrational mode
is already present in phase IIL,"”>'® but phase III has only
one type of molecule with characteristic lifetime and bond
length, with the FWHM being from 75 to 150 cm~! for
both isotopes in a wide P-T range [Fig. 2(b)]. In phase IV,
the Pbcn structure was shown to be dynamically unstable,*
but several Pbcn-like structural models with P.-48 (which
still has imaginary phonons),* P.-96,* and C.°> (both dynam-
ically stable) symmetries having six-member rings were pro-
posed. X-ray diffraction studies are needed to unambiguously
determine the structure of phase IV but such experiments are
exceedingly difficult at the moment. Our observations of the
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FWHM behavior across the III-IV transformation illustrate
the importance of temperature effects and that phase IV is
a thermally driven partially disordered phase, thus adding
additional weight to the proposed mixed atomic and molecular
state of dense hydrogen (deuterium).'

By combining the P-T scans of the v; mode frequencies we
constructed three-dimensional P-7-v diagrams of both species
[Figs. 3(a) and 3(b)]. The overall appearance of the phase
diagrams is markedly similar but there are several subtle
differences. The III-to-IV transition pressures are shifted to
slightly higher values for D,. As a result, the III-IV phase
line of D, lies above the one for H, [Figs. 3(c) and 3(d)].
Our measurements for H, yield a III-IV line gradient of
—1.6 K/;GPa, while the slope is twice as shallow for D,
as shown in Fig. 3. Another difference between the isotopes
during the III-IV transformation is the very different values of
the vibron frequency discontinuities. With increasing pressure
the discontinuity upon the III <> IV transition increases (see
Figs. 2 and 3), reaching much larger values for hydrogen, e.g.,
~500cm™! for H, at 315 GPaand 250 cm™' for D, at 300 GPa.

PHYSICAL REVIEW B 86, 214104 (2012)

These are the largest discontinuities observed between the
different phases; for comparison the largest value of the
frequency softening of the v; mode upon entering phase III
from phase IT is only around 100 cm™! for both H, and D,.'%?

ZPE and thermal effects must play a crucial role in the
formation of phase IV under the P-T conditions described
here. The competition between ZPE and entropy would shape
the appearance of the phase diagrams [Figs. 3(c) and 3(d)] and
create differences in the slopes. Recent DFT studies proposed
more energetically stable then Pbcn candidate structures for
the phase IV with P.* or C.° symmetries. These calculations
suggest that hydrogen would transform to phase IV above
220 GPa and ~300 K and that this phase would be separated
from the phase III by phase line having negative (with respect
to pressure axis) slope, in good agreement with our current and
previous results.! The calculated Raman spectral positions and
intensities of the Pc structure* are in much better agreement
with our experimental observations than Pbcn, although they
are still not a perfect fit (Fig. 4). The DFT calculations also
proposed a C2/c structure as a possible candidate for phase I1I
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FIG. 4. (Color online) Comparison of experimentally observed and theoretically calculated” Raman intensities and spectral positions of the
hydrogen bands at 250 GPa. (a, b) Experimental raw spectra observed in phases III (a) and IV (b) are shown below (in black); spectra corrected
for decreasing sensitivity of the detector are shown above (in red). The broad peaks between 1333 and ~1800 cm~! are due to the first-order
Raman from diamond. (c, d) Experimental renormalized spectra plotted as Gaussian distributions for phases III (c) and IV (d) [vertical (black)
lines]; theoretically calculated spectra for (c) C2/c (red) and Cmca-12 (blue) and (d) P, (red). Note that the intensities for renormalized and
theoretically calculated spectra are given on a logarithmic scale to show much weaker low-frequency modes and additional vibrational bands

besides v; and v,.
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FIG. 5. (Color online) Hydrogen and deuterium combined band-
gap points (filled squares) as a function of the pressure at 300 K.
Dotted (black) straight lines are linear fits to the measured data points
in phases IV and I'V'. Quadratic [upper (red) curve] and cubic [lower
(blue) curve] polynomial fits extrapolated to higher pressures are
shown as solid lines. Inset: Frequency of the v; mode of hydrogen as a
function of pressure. Open circles are measured v; vibron frequencies
versus pressure. The solid (red) line shows the nearly linear (from
275 to 400 GPa) extrapolation of the v, frequency up to above 375
GPa—the minimal pressure needed to close the optical band gap.
Dashed vertical lines indicate the proposed phase transition between
phase IV and phase IV'.

(acomparison between observed and calculated Raman spectra
in phase III is shown in Fig. 4) and, more importantly, the
re-entrance back into a molecular phase V (Cmca-12 above
280* or Cmca-4 above 250 GPa’) which appears to have
metallic properties in both studies. These predictions of a new
metallic phase seem to be in agreement with the recent claims
of metallization of H,(D») at above 260 GPa.> However, our
optical spectroscopy results above 260 GPa are in strong
disagreement with Ref. 3, where the fotal disappearance of
the Raman signal, increased reflectivity, and a closed band
gap were reported. We observed an increase in Raman signal
intensities with pressure (in our studies higher pressures than
in Ref. 3 were reached for both isotopes, as evidenced by the
lower vibron frequencies) and an optical band gap of ~2 eV
persisting above 300 GPa. This metallization claim contradicts
several experiments conducted at identical compressions®’
including a quite recent infrared study of phase III of H; at low

PHYSICAL REVIEW B 86, 214104 (2012)

temperatures and up to 360 GPa.® The theoretically proposed
molecular metallic phases (Cmca-12 and Cmca-4) are Raman
active (see Fig. 4), which would also be at variance with the
claimed disappearance of Raman modes in Ref. 3. Therefore
we attribute the experimental findings in Ref. 3 to the changes
in the sample chamber geometry and partial sample loss
rather than to the claimed “metallic liquid atomic state.”

However, the slight changes in optical properties at
275 GPa, such as the appearance of the fourth low-energy
mode (see Fig. 2 in Ref. 1), the change in slopes of the v,
frequency, and the value of the D, /H; band gaps with pressure
(Fig. 5), might indicate the presence of a new solid structure
(phase IV”) of dense H; (D;). The very similar Raman spectra
suggest that if phase IV’ exists, it is structurally very closely
related to phase IV. Phase IV’ appears to be semiconducting in
our measurements but one can estimate the pressures needed
to close the band gap and reach the metallic state. We have
combined D, and H, band-gap points and used different
polynomials to fit and extrapolate our data (Fig. 5). The
pressures at which the band gap is fully closed vary widely
depending on the power of the polynomial but the lowest
value is approximately 375 GPa (Fig. 5). It is instructive to
estimate the frequency of the Raman v; mode at this pressure.
Indeed, the frequency and increasing intensity of the v; mode
are very sensitive to compression (inset in Fig. 5). Therefore
the frequency should be considered as an absolute pressure
gauge in the experiments with H, (D,) and could be used for
direct result comparison in both experimental and theoretical
studies. The extrapolation of hydrogen frequency versus
pressure is almost linear (Fig. 5) and yields 2350 £ 50 cm™!
at 375 GPa. We note that this value is about 55% of the vibron
frequency under ambient conditions and is much lower than
any frequencies ever reported in experiments.

In summary, we have mapped out the transformation
between phase III and phase IV of H, (D;), demonstrating
increased proton tunneling in phase IV. We estimate that the
H, (D,) will metallize above 375 GPa, a pressure which
is in good agreement with several previous experimental
measurements.®’
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High-Pressure Synthesis of Noble Metal Hydrides

Christian Donnerer, Thomas Scheler and Eugene Gregoryanz*
Centre for Science at Extreme Conditions and School of Physics and Astronomy,
The University of Edinburgh, Edinburgh, FH9 3JZ, UK

The formation of hydride phases in the noble metals copper, silver and gold was investigated
by in-situ x-ray diffraction at high hydrogen pressures. In the case of copper, a novel hexagonal
hydride phase, CuzH, was synthesised at pressures above 18.6 GPa. This compound exhibits an
anti-Cdlz-type structure, where hydrogen atoms occupy every second layer of octahedral interstitial
sites. In contrast to chemically produced CuH, this phase does not show a change in compressibility
compared to pure copper. Furthermore, repeated compression (after decomposition of CuzH) led
to the formation of cubic copper hydride at 12.5 GPa, a phenomenon attributed to an alteration
of the microstructure during dehydrogenation. No hydrides of silver (up to 87 GPa) or gold (up to
113 GPa) were found at both room and high temperatures.

PACS numbers:

I. Introduction

Despite hydrogen being highly reactive, none of the
group-6 to group-11 transition metals react with it at
ambient conditions.' However, at elevated pressures,
the chemical potential of hydrogen rises steeply and
reactions, usually leading to the formation of a binary
metal hydride, are induced.®>?® The group-11 noble
metals play an interesting role in this context. While
the formation of gold hydride was reported more than
30 years ago®, it has not been confirmed since. In fact,
recent ab-initio calculations found no evidence for a
reaction between gold and hydrogen, due to a large
energy barrier preventing the dissociation of hydrogen
molecules at the gold surface.” For silver, to the best
of our knowledge, no bulk hydride phase has ever been
found. Theoretical studies predict that fec-silver hydride
stabilises at pressures above 50 GPa.®

In contrast, copper hydride was one of the very first
d-metal hydrides to be discovered. It was first synthe-
sised in 1844 by reacting hypophosphorous acid with
copper sulphate (known as Wurtz method).” Forming
a stoichiometric monohydride'®, it adopts a hexagonal
wurtzite-type structure (P63me space group).!! This is
unusual compared to other transition metal hydrides,
many of which exist in NiAs-type or NaCl-type struc-
ture. Often, the metal atoms form a closed-packed
host lattice in which hydrogen atoms occupy interstitial
sites* and participate in metallic bonds. As a result,
the presence of hydrogen atoms does not influence the
mechanical properties of its host lattice, except for a
measurable volume expansion. However, in wurtzite
CuH, the bulk modulus was measured to be 72(2)
GPal'?, significantly lower than the bulk modulus of
pure copper (137.4 GPa).'® This can be attributed to
the hydrogen-copper bond which has been described as
partly covalent and ionic.'*'® Chemically produced CuH
is unstable at ambient conditions, but at temperatures
below -5°C, it can be stored permanently.!® At room
temperature it decomposes at pressures below 8.4(6)

GPa.'” Copper hydride is widely used as a reagent for
reduction reactions in organic synthesis'® and can also
be used to obtain extremely reactive catalysts.'® Most
recently, a facile synthesis of CuH through sonochemistry
was reported.2?

However, the direct synthesis of hexagonal CuH from
elements under thermodynamic equilibrium (i.e. at high
pressures and temperatures) has never been reported.
Through Gibbs free energy calculations, based on the
decomposition pressure, a formation pressure of 30 GPa
was predicted.!” Interestingly, a different form of copper
hydride has been synthesised at pressures above 14.4
GPa, the only high pressure study of copper hydride
formation we are aware of.2! This hydride retains the
fec lattice of copper, where hydrogen atoms occupy
interstitial sites at a hydrogen-to-metal atomic ratio
of ~ 0.4. In accordance with the notation for other
hydrides?, this cubic phase will be referred to as the
~v-phase of CuH here. It was suggested that this phase
could only be observed in a reaction of hydrogen with
dehydrogenated copper, obtained from decomposing
hexagonal wurtzite-type CuH (i.e. copper mono hydride
synthesised by the Wurtz method). Conversely, pristine
copper foil remained inert and no other hydride phase
was observed at pressures up to 20 GPa.?!

In this study, we present results of synchrotron-based
powder x-ray diffraction (XRD) experiments on copper,
silver and gold in a dense hydrogen medium. In the
copper-hydrogen system, we identified a novel hexagonal
hydride phase, distinctly different from wurtzite-type
CuH and 7-Cu-H. This phase formed at 18.6 GPa
and remained stable up to 51 GPa in an anti-Cdl,
type structure, with a stoichiometric composition of
CusH. It decomposes at pressures below 10 GPa. On
repeated compression a volume expansion in fee-Cu
was measured, indicating the formation of cubic copper
hydride, although with a lower hydrogen content than
previously reported.?! No hydride phases were observed
upon pressurization of silver and gold.
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FIG. 1: (Colour online) Integrated XRD spectra of pure Cu
at 7.3 GPa (bottom panel); CuzH along with remaining Cu
at 21.1 GPa (middle panel); the fully converted CuzH along
with reflections from excess Hs at 27 GPa (upper panel). Tick
marks indicate calculated peak positions of Cu (blue) in the
bottom panel, Cu (top row, blue) and CuzH (bottom row,
red) in the middle panel and CuzH (red) in the upper panel.
The inset shows the (001) superstructure peak of the layered
anti-Cdly structure of CusH. The optical micrograph in the
bottom panel shows the sample at 50 GPa.

II. Experimental Details

We conducted six independent high-pressure experi-
ments, two each for copper, silver and gold. Metal
samples from commercial thin foils (Alfa Aesar, 10 um
thickness, 99.8% purity) were loaded into symmetrical
diamond anvil cells (DACs). Hydrogen was subsequently
gas-loaded to pressures between 1600 and 2000 bar and
thus also acted as the pressure transmitting medium.
The samples were always surrounded by excess hydrogen
(monitored visually and by Raman spectroscopy), even
at the highest pressures. The gasket material was
rhenium, with a hole drilled to a diameter of ~50%
of the culet diameter. Pressure was measured in-situ
using the revised ruby fluorescence pressure scale.??
The diffraction patterns were recorded on MAR345 or
MARS55 detectors and integrated using the Fit2D23
software.

ITI. Results and Discussion

In the first experimental run on copper, the metal re-
mained unchanged in its fcc phase (Fm3m spacegroup)
up to 21.1 GPa. At this pressure, over time, new
reflections started to emerge (see Fig. 1). Although
the new reflections gained intensity at higher pressures,
the fec signature remained visible up to 51 GPa, the
highest pressure achieved in this run. Initially, this new
phase was indexed in the P63/mmc spacegroup (hep
lattice), an increased volume per formula unit compared
to fce-Cu indicates the formation of a hydride. The
new diffraction pattern is also easily distinguishable
from rhenium hydride which forms at the inner gasket
rim and also exhibits an hcp-like structure.?* Apart
from a smaller unit-cell volume compared to ReH, the
¢/a-ratio of the new hexagonal phase remained at a
constant 1.661(3) throughout the experiment (see inset
Fig. 2) whereas it is between 1.61 and 1.58 for rhenium
hydride.?® In the second run, the new phase appeared at
18.6 GPa. In contrast to the first run, the sample con-
verted completely within 2 hours, leaving no signal from
fee-Cu. The only difference between the two experiments
was the size of the loaded copper sample: The volume of
the sample in the second run was an order of magnitude
smaller than in the first run. While it is not impossible
that with time a larger sample would fully convert, it
can be concluded that, even at very high pressures,
the penetration depth of hydrogen into bulk copper is
limited. A similar behaviour is known from platinum
nitride?® where only a thin surface layer reacted even
at pressures above 50 GPa and temperatures exceeding
2000 K.

We therefore assume a synthesis pressure of 18.6 GPa
for the hexagonal phase. Decomposition occurred at
pressures below 10.5 GPa, close to the decomposition
pressure of wurtzite-type CuH (8.4(6) GPal”). However,
the new hexagonal phase is distinctly different: Over
the entire experimental pressure range, the volume
difference compared to pure Cu remained between
1.23(1) and 1.05(1) A3 per atom, much lower than
for wurtzite-type CuH (see Fig. 2). In fact, volume
considerations allow to estimate the hydrogen content
(see e.g. Refs. 3,24.27). Tt has been found empiri-
cally that hydrogen atoms occupying the octahedral
interstitial sites of an hcp metal expand the lattice by
~2.1 A3 per hydrogen atom.?” As the lattice expansion
scales linearly with hydrogen content?’, it can be
inferred that the new hexagonal phase exhibits a CusH
composition. After platinum?®, copper is the second
fec metal known to transform into an hcp hydride.
Both possess significantly larger c¢/a ratios (1.66 to
1.7) than all other hcp d-metal hydrides*, providing a
signature for this transformation. The hexagonal CusH
phase will be referred to as the e-phase of copper hydride.

A Vinet equation of state was fitted to the data,
yielding a zero-pressure volume of Vo = 13.10(1) A% and
bulk modulus of Ky = 145(5) GPa (K’ = 4.8(3)) for e-
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FIG. 2: (Colour online) Equation of state of copper and its hy-
drides. Blue open triangles denote fec-Cu, red solid triangles
e-CuzH and green diamonds v-CuH.o.15. Triangles pointing
upwards are data points from compression, triangles pointing
downwards are from decompression. For comparison, green
circles are data points belonging to y-CuH~o.4, taken from
Ref. 21. Dotted and dashed lines are literature equations of
state for fec-Cu and wurtzite-type CuH, respectively (Refs.
13 and 12). The solid line is a Vinet-type fit to the observed
equation of state of e-CuzH. The inset shows the pressure
variation of the ¢/a-ratio for e-CuoH.

CugH (compared to Ko = 137.4 GPa for fee-Cu).'® This
is in agreement with the widely accepted concept that
interstitial hydrogen does not influence the mechanical
properties of its host metal, but in stark contrast to the
mechanical properties of wurtzite-type CuH (see Table
I). This can be attributed to the different bonding of
hydrogen atoms in the chemically synthesised hydride,
which causes a significant increase in compressibility
and volume (Vp = 16.75A%, Ky = 72(2) GPa).'? Optical
observations of our samples during hydrogenation and
at higher pressures did not show a change in appear-
ance. In addition to the absence of changes in the
compressibility and the typical volume expansion, this
led to the conclusion that the interstitial hydrogen atom
donates its electron partly to the s- and d-bands of the
surrounding metal (as found for many other hydrides?®),
such that the hydride retains a metallic character.

It is often assumed that the hydrogen sublattice in
metal hydrides with hydrogen:metal ratio below 1 would
form a disordered solid.®> With a hydrogen:metal ratio
of 0.5 in e-CugH, hydrogen atoms would be randomly
distributed over the available sites, leaving 50% vacant.
However, in our data, an additional weak reflection can
be seen, matching the forbidden (001) reflection of the
hep lattice.  Such reflections (00/, with odd !) appear
when the ¢/2 translational symmetry is absent in the
hexagonal lattice, through atoms being displaced from
their equilibrium hexagonal positions. This suggests an
anti-Cdly type superstructure (Pi_‘)ml space group) for

w

FIG. 3: (Colour online) Ordering of hydrogen (small, blue)
and copper (large, copper) atoms showing A) wurtzite-type
CuH (P63/mc space group), B) anti-Cdly structure e-CusH
(P3m1 space group, the displacement of copper atoms is ex-
aggerated) and C) cubic y-Cu-H (Fm3m space group). (visu-
alised via VESTA®?)

CugH: In this structure, instead of occupying random
sites, hydrogen atoms fill every second layer of octahe-
dral interstices. This periodic vacancy and filling of sites
along the c-axis causes the displacement of the metal
atoms. The anti-Cdly type structure is also observed
in the hydrides of other metals, such as technetium?,

cobalt?” and rhenium.?42°

The new positions of the metal atoms in the unit-cell
are thus given by (2, %, 1 4+ 6) and (3, 2, 2 — §).
The displacement § can be determined by comparing
calculated with observed intensities. Throughout both
experiments, the relative intensity of the (001) reflection,
I01)/I(110), remained at a constant 2.3(3)%, corre-
sponding to a fractional displacement of 6 = 0.016(2),
larger than for CoDg5 (6 = 0.012) and TcHys (0 =
0.01). This may be due to imperfect hydrogen ordering
in the latter hydrides: For CoDy 5, neutron diffraction
showed that ~4% of hydrogen atoms occupy 1b sites
of the lattice, forming a second sublayer that should
be vacant in an ideal anti-Cdly structure.?” Generally,
a lower hydrogen content seems to manifest in smaller
displacements, as § = 0.007 for CoDg.3s and 0.009 for
ReHg 36.2° From the larger displacement in CuoH it
can be inferred that the intermediate layers are indeed
completely vacant and that the structure is of perfect or
nearly perfect anti-CdlIs-type.

TABLE I: Equation of state parameters for Cu, wurtzite-type
CuH and hexagonal CuzH. The bulk modulus of the chemi-
cally obtained CuH is significantly lower than for pure copper,
in contrast to CusH, where the mechanical properties are un-
changed.

Reference EoS type By [GPa] Bj V, [A7]
Cu 13 Birch-Murnaghan 137.4  5.52  11.81
CuH 12 Murnaghan 72(2) 2.7(3) 16.75
CuzH This work Vinet 145(5) 4.8(3) 13.10(1)




In order to test the hypothesis that v-Cu-H only forms
with dehydrogenated copper, we decompressed the sam-
ple in the e-phase to below decomposition pressure. Af-
ter the sample fully separated into Cu and Hs, pressure
was increased in steps up to ~20 GPa. At 12.5 GPa,
an increase in unit-cell volume of fec-Cu was measured,
indicating the formation of ~«-Cu-H. Multiple hydride
phases have also been observed in other metal-hydrogen
systems, such as manganese hydride, which forms both
~v- and e-phases, depending on the temperature during
compression.3!

In the case of v-Cu-H, the volume difference per atom
increased from 0.338(6) A% at 12.5 GPa to 0.386(6)
A% at 19.7 GPa. For fec metals, hydrogen atoms
typically occupy octahedral interstices in the ~-phase,
leading to a volume expansion of ~2.9 A3 per hydrogen
atom.3? Assuming that this is the case for y-Cu-H, a
metal:hydrogen ratio of ~ 0.15 is found. Compared to
the the results reported by Burtovyy et al.2!, we find
the same synthesis pressure of 12.5 GPa, but a smaller
volume increase of the host lattice (3.45(5)% vs 8-11%)
and thus hydrogen content (~ 0.15 compared to ~ 0.4
in Ref. 21). If the formation of y-Cu-H does indeed
depend on the history of the individual copper sample,
the difference in hydrogen content in the y-phase may
be accounted for by different initial hydrogenation
conditions: Burtovyy et al. used commercial wurtzite-
type copper hydride to prepare their samples, whereas
we used pristine copper foil which was hydrogenated
under thermodynamic equilibrium.  Furthermore, it
was speculated?' that small crystallites of copper,
created through the decomposition of CuH, may show
higher reactivity and could thus form the ~-phase more
easily.  An alteration of the microstructure during
hydrogenation/dehydrogenation cycles is common in
metals. This process could be more effective in the
decomposition of wurtzite-type CuH than of e-CugH,
leading to favourable conditions for hydrogen uptake in
the v-phase. A different explanation is that the lower
hydrogen content seen in our data originates from slow
kinetics, impeding the hydrogenation of the sample. It
is not uncommon that kinetic effects play an important
role in the formation of isomorphous metal hydrides (i.e.
the incorporation of hydrogen into the metal matrix
without it undergoing a structural phase transition,
see e.g. rhenium hydride?). In the present case, the
time difference between crossing synthesis conditions
and reaching maximum pressure for the ~-phase was
only 1 hour, in contrast to 20 hours between individual
data points in the study by Burtovyy et al.. At room
temperature, higher hydrogen concentrations in the
~v-phase may only be achieved after a certain time.

It is interesting to note that wurtzite-type CuH could
not be synthesised under thermodynamic equilibrium at
pressures up to 51 GPa. Extrapolation of the equations
of state of wurtzite-type CuH and e-CuyH shows that
both acquire the same volume at approximately 95
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FIG. 4: (Colour online) Equation of state of silver (blue

diamonds) and gold (red circles) measured in a hydrogen
medium. The lines are literature EoS for fec-silver®® and fee-
gold.®®

GPa, due to the larger compressibility of the first
hydride. It can be argued that at this pressure the
€ phase might undergo a transition to the wurtzite phase.

We compressed silver to 87 GPa and gold to 113 GPa
at room temperature without observing any signs of
hydrogenation (i.e. volume increase or phase transi-
tion). For silver, single-sided laser heating to well above
1000°C was applied at 40 GPa while the gold-hydrogen
mixture was externally heated to ~ 300°C at pressures
up to 45 GPa, to no effect in both cases. Figure 4 shows
the measured pressure-volume data for silver and gold.
No significant deviation from the known equations of
state for both metals can be seen. It was predicted
that fec-silver hydride stabilises at pressures above 50
GPa8, which could not be confirmed. More recently, a
theoretical study reported that pressures in excess of 180
GPa might be necessary.” In the same paper, the authors
find that the formation of a gold hydride is impeded
by a large energy barrier preventing the dissociation
of hydrogen molecules at the metal surface. However,
hydrogen undergoes a structural phase transition into a
mixed atomic and molecular state at 220 GPa (phase
IV, see Ref. 33). At this point, a direct reaction of gold
(and also silver) with hydrogen is very likely.

IV. Conclusion

In conclusion, we synthesised a novel hexagonal copper
hydride from elements at pressures above 18.6 GPa. This
e-CusH phase is the third known copper hydride, along
with wurtzite-type CuH and cubic y-Cu-H. The presence
of superstructure peaks allowed to identify the struc-
ture as anti-Cdls-type, where the hydrogen atoms are



arranged in layers instead of being randomly oriented.
Furthermore, we were able to reproduce the synthesis of
~v-Cu-H, albeit with a lower hydrogen concentration. It
remains uncertain whether the formation of v-Cu-H is
promoted by the hydrogenation history or the particular
grain size and microstructure of the copper sample.
However, it can be concluded that wurtzite-type copper
hydride is in fact not the thermodynamically favourable
structure of this hydride, despite having the highest
hydrogen content and being the easiest to synthesise
under non-equilibrium conditions.
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Nanocrystalline Tungsten Hydrides at High Pressures
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A combined experimental and theoretical study has been carried out on the synthesis and character-
ization of tungsten hydride at high pressures. We confirm the synthesis of tungsten monohydride at
above 25 GPa and 300 K. At higher pressures, hydrogen content is found to increase and ab-initio
calculations reveal the formation of tungsten dihydride in a mixed composition of (1 — y)WH +

(y)WHz with y ~ 3.

Synchrotron x-ray diffraction and transmission electron microscopy (TEM)

measurements demonstrate the formation of a nano-crystalline microstructure upon hydrogenation.
TEM micrographs show elongated grains with diameters of ~20 nm, a structure similar to nanocrys-

talline diamond.

PACS numbers:

The application of extreme conditions, namely high
pressures and temperatures, offers a very general route
for synthesizing novel materials and manipulating their
physical properties. In the past this led to several impor-
tant discoveries, including nanopolycrystalline diamond
(NPD) [1], cubic boron nitride (¢-BN) [2] and the highly
incompressible nitrides of osmium, iridium and platinum
[3, 4]. Most recently, nanotwinned ¢-BN was found to be
ultrahard, even exceeding the hardness of diamond [5].
In the past few years, hydrogen compounds and alloys
have attracted the renewed attention of researchers due
to their potential applications in a hydrogen economy
[6-8] and implications for the behaviour of free hydrogen,
such as its elusive metallic state [9, 10]. Here, high-
pressure synthesis has also been successfully applied
to synthesize novel hydrides, e.g. platinum hydride
[11, 12], eo-rhenium hydride [13], a polymeric phase
of silicon tetrahydride at pressures exceeding 1 Mbar
[14] and tungsten hydride [15, 16]. With the exemption
of SiHy, the aforementioned materials are interstitial
metal hydrides in which the hydrogen atoms occupy
octahedral or tetrahedral sites in the closed-packed
metal host lattice. Most of the known hydride phases
of the d-metals between the Cr-group and Cu-group
elements are of this type [17]. Furthermore, none of the
metals in this group readily reacts with hydrogen at
ambient conditions and high pressures are necessary to
form a hydride under equilibrium conditions [17]. The
conditions for the formation of stoichiometric hydrides
range from less than 1 GPa (e.g. NiH at 0.6 GPa, [18])
to 27 GPa in platinum [11], so far the highest synthesis
pressure observed in this group.

In this paper, we present a combined x-ray diffrac-
tion, electron microscopy and computational study of
tungsten hydride at high pressures. We studied the
formation, decomposition and mechanical properties of
tungsten hydride synthesized from the elements in a
diamond anvil cell up to 115 GPa by x-ray diffraction as
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FIG. 1: (Color online) Powder x-ray diffraction spectrum of
tungsten hydride at 44 GPa. The green line denotes the result
from a LeBail fit. Tick marks indicate peak positions for
cubic W (upper, blue) and hexagonal WH (lower, red). The
diffraction spectrum of platinum hydride at 43 GPa is added
for comparison [11] (grey dashed line). Note the difference in
peak width. PtH forms under similar conditions as WH and
also exhibits the hep-structure.

well as the microstructure of recovered dehydrogenated
tungsten by transmission electron microscopy. The
hydrogenation process was found to create a nanocrys-
talline microstructure. Theoretical ab-initio calculations
in conjunction with measurement of the equation of
state suggest that between 25 and ~ 50 GPa, tungsten
dihydride is formed and coexists with the monohydride
at higher pressures in a mixed composition of (1 —y)WH
+ (y)WHz, saturating at y ~ & above 50 GPa. Details
on the experimental and computational methods are
given in the supplementary material (Ref. [19]).

Tungsten is a widely used material in both industry



and science. In high-pressure applications it is particu-
larly valued as a pressure calibrant and gasket material
[20]. In the past, it was widely accepted that tungsten
does not react with hydrogen, even at very high pres-
sures, and therefore was frequently used as a sealing ma-
terial in high-pressure experiments. However, it was re-
ported a few years ago that binary tungsten hydride is
formed when compressing pure tungsten to above 25 GPa
at room temperature in a dense hydrogen medium [15].
In a recent theoretical study of this material, several po-
tentially metastable phases of varying hydrogen content
were found [16], although only tungsten monohydride was
observed experimentally. The monohydride is character-
ized by a hexagonally closed-packed arrangement of the
tungsten atoms (spacegroup P63/mmc) with hydrogen
atoms occupying the octahedral interstitial sites. This
is equivalent to the NiAs-type structure, which is known
for many other hydrides in the d-metals as well and is
also the one adopted by the hydrides of the same group,
MoH [21] and CrH [22].

In our experimental runs, we observe a reaction
between tungsten and hydrogen at 25 GPa with the
appearance of new diffraction peaks in addition to
beec-tungsten.  The new phase can be indexed in the
P63/mmec spacegroup with an expanded volume per
tungsten atom in the unit-cell. So far, our observations
are identical with earlier reports on tungsten hydride.
The synthesis conditions of WH are reminiscent of hcp
platinum hydride [11] (PtH), which forms at pressures
above 27 GPa and room temperature. However, in
contrast to PtH, the hydride formation in tungsten
progresses very slowly over time and the diffraction
pattern of WH exhibits broadened Bragg peaks (see
Figure 1). In one of our experimental runs, we reached
pressures of ~45 GPa within hours of surpassing syn-
thesis conditions. At this time, the sample has not been
completely converted to tungsten hydride and the sharp
Bragg peaks of bee-tungsten are still clearly visible (see
Figure 1). For comparison we include the diffraction
pattern of platinum hydride at similar pressures. It is
evident that the diffraction peaks of tungsten hydride
are considerably broadened compared to both its parent
metal and another hydride synthesized under nearly
identical conditions. While increasing pressure seems
to accelerate the transformation process, with time the
whole sample fully transforms into the hydride also at
constant pressures. In one of the experimental runs the
sample was left at a pressure of 38 GPa for one month.
Afterwards, the whole sample was hydrogenated and no
sign of bee-tungsten was detected. Laser heating has also
been shown to accelerate the transition into the hydride
phase [16]. On decompression, tungsten hydride was
found to be stable to pressures far below synthesis con-
ditions. We observed the decomposition reproducibly at
pressures between 8 and 9 GPa. The slow progression of
the hydrogenation process, its acceleration upon heating

and the large hysteresis effect in decomposition suggest
the presence of a kinetic energy barrier hindering the
formation at lower pressures and faster hydrogenation.
We found that dehydrogenated tungsten still exhibits
broadened Bragg peaks compared to its original state.

We recovered such dehydrogenated tungsten samples
from the diamond anvil cells and used focused ion beam
techniques to prepare transmission electron microscopy
(TEM) samples. TEM brightfield and darkfield imaging
revealed elongated crystallites with shortest dimensions
of below 20 nm (see Figure 2(a-c)). The observed
structure is similar to that of NPD which also exhibits
elongated crystallites with diameters of 10-20 nm and
lengths of up to a few 100 nm [1]. This new form
of artificial diamond was reported to be harder than
natural single crystalline diamond [1]. Electron diffrac-
tion measurements on dehydrogenated tungsten further
show that the crystallites are not randomly oriented
but follow a preferred orientation (Figure 2(d)) which
explains the texture in the x-ray diffraction patterns.
In a control experiment we prepared TEM samples
from untreated tungsten. Both, TEM micrographs
and electron diffraction patterns (Figure 2(e)) indicate
perfect single crystallinity.

This microstructure can be related to the observed
broadening of the diffraction peaks. Peak broadening
in x-ray diffraction patterns during high-pressure ex-
periments can be attributed to three different effects:
i) instrument broadening, ii) strain broadening and
ili) size broadening. = While instrument broadening
can be neglected when using modern third generation
synchrotron radiation sources, both strain and size

broadening contribute to the peak shape. The simple
Scherrer formula L = Bcﬁ(f?@) (see e.g. Ref. [14])

connects the peak width to the crystallite size, ignoring
however any strain contribution. Here, L is the grain
size, A the x-ray wavelength, S the peak width and ©
the scattering angle of the reflection. K is the empirical
Scherrer constant and usually 1. When comparing the
values in Table 1 for tungsten hydride with the results
of the TEM measurements on recovered dehydrogenated
tungsten, it is evident that strain plays a significant
role at rising pressures (indicated by the decreasing
calculated grain size). However, when extrapolating the
data in Table 1 to zero pressure, a grain size comparable
to what is found in the TEM images can be derived. It
should be emphasized here, that the calculated values
at high pressures do not correspond to actual grain
sizes. From the emergence of the broad diffraction
peaks upon synthesis we conclude that it is, in fact, the
hydrogenation process that leads to the formation of a
nanomaterial.

We offer the following explanation for the formation



FIG. 2: Transmission electron micrographs of recovered nanocrystalline tungsten. a) Darkfield image showing an array of
elongated crystallites. b) Brightfield image of crystallites near the surface with preferred orientation perpendicular to the
TEM-section. ¢) Darkfield image of small grains inside the sample. d) Electron diffraction pattern of nanocrystalline tungsten.

e) Electron diffraction pattern of a control sample.

TABLE I: Calculated grain size from the widths of the Bragg
peaks in tungsten hydride at various pressures using the
Scherrer approximation.

P [GPa] HKL Position [deg] FWHM [deg| est. grain size [nm)]

97 (010)  9.368 0.21 115
9.7 (110)  16.251 0.229 11
158 (010)  9.439 0.344 7
158 (110)  16.301 0.276 9
375 (010)  9.512 0.398 6
375 (110)  16.432 0.26 9.5
49.7  (010) 9.57 0.41 6
49.7 (110) 1652 0.304 8
737 (010)  9.715 0.428 5.5
73.7  (110)  16.785 0.377 6.5
115 (010)  9.998 0.476 5
115 (110)  17.198 0.454 5.5

mechanism of a nanostructured material during the
hydrogenation process: The unusually slow progression
of hydride formation (hindered by a large energy bar-
rier), accompanied by a structural phase transition, and
the volume expansion during hydrogenation, creates
significant stress between the hydrogenated and non-
hydrogenated parts of the tungsten sample. Starting
from the sample surface, hydrogenation slowly progresses
into the material with only a very small volume near the
hydride boundary undergoing the transition at any given
time. With the release of local boundary strain, this
leads to the formation of nanometer sized crystallites.
The long dimension of the crystal grains found in our
TEM studies is probably oriented along the hydride
boundary during synthesis. The decomposition pressure
usually lies close to the thermodynamic equilibrium
of the system while the formation pressure lies higher
due to the dissociation barrier encountered by the
hydrogen molecule at the metal surface. Thus, once
pressure is lowered below the equilibrium conditions,
rapid dehydrogenation occurs leaving the microstructure

intact. As a consequence, the dehydrogenated tungsten
exhibits the same microstructure as its binary hydride.
It can be expected, that annealing at high temperatures
would lead to a realignment of the nanometer sized
grains and the formation of larger crystallites. Indeed,
Zaleski-Ejgierd et al. seem to have observed this exact
effect when laser heating tungsten hydride to above 1000
K [16]. Room temperature however does not appear to
have immediate or short term effect on the crystallite
size. One of the samples studied by transmission elec-
tron microscopy was residing at ambient conditions for
several months before TEM-sample preparation, while a
different sample was recovered from high pressure only
a few days prior to TEM measurements. There were no
detectable differences in the microstructure between the
two specimens.

Decreasing the grain size in materials down to a few
tens of nanometers often entails significantly altered
material properties, and it is known that, as the grain
size decreases, the influence of interface and confinement
effects on the properties of a material increases [23, 24].
As a result, a nanostructured material might exhibit
increased resistance to plastic deformation [25] or
different chemical stabilities compared to macroscopic
systems [26]. In the case of metal hydrides, the grain size
has profound impact on (de)hydrogenation processes,
the overall hydrogen content and the volume expansion
of the metallic host lattice [26] due to interface stress
between the grains. It was found for example in ball
milled nanoparticles of vanadium hydride that the hy-
drogen content depends on the particle size [27]. These
possible nanometric effects make it difficult to compare
tungsten hydride to other transition metal hydrides,
e.g. in terms of volume expansion as a measure for
hydrogen content [17] or when comparing experimental
with computational results.



We attempted to fit a Vinet-type equation of state
to our x-ray diffraction data resulting in a zero-
pressure bulk modulus of near 500 GPa (depending on
parametrization). Such extremely low compressibility
could be attributed to a size-effect of the nanocrystalline
microstructure. However, the quality of fit was not
convincing, showing deviations at lower and very high
pressures. The construction of the equation of state
obviously assumes constant stoichiometry throughout
the probed pressure range, which unfortunately cannot
be guaranteed for metal hydrides. In fact, the volume
difference between hydride phase and parent metal is
directly used to infer the hydrogen content, assuming
no change in compressibility between hydride and metal
(see e.g. Refs. [11, 13, 17]).

We therefore performed ab-initio calculations to
understand hydrogen content and the experimental
equation of states. Structure predictions through CA-
LYPSO methodology [28-30] were performed by fixing
the W atomic positions in the hcp lattice, taken from
the known experimental XRD pattern. We performed
structural searches within various stoichiometric com-
positions WH,, (n = 0.5, 1.0, 1.5, 2) with simulation
cell sizes of 1-4 formula units (f.u.) at 30 and 60 GPa,
respectively. We did not probe higher hydrogen contents
since the resulting volumes are too large to fit our
experimental data. Our calculations gave convex hulls
on the formation enthalpy of various WH,, with respect
to elemental W and solid Hy as shown in Fig. 3 (Details
can be found in Ref. [19]). As expected, at zero pressure
all W-H systems exhibit positive formation enthalpy
and cannot form. At 20 and 40 GPa, the monohydride
WH is the most stable compound and also the only
stoichiometry which can be synthesized, which agrees
well with the observed appearance of the hexagonal
hydride phase in this pressure range. Interestingly, at
a pressure of 60 GPa and above, WHy becomes stable
against decomposition into WH + %Hg. Our results are
in good agreement with those presented in Ref. [16].
However, below 120 GPa, the proposed formation of
P4/nmm-structured WHy or other phases with even
higher hydrogen contents can be excluded based on
our experimental observations. At pressures above
~220 GPa, when hydrogen enters phase IV which is
characterized by a mixed atomic and molecular state of
hydrogen [31], the formation of higher stoichiometries is
possible due the absence of the dissociation barrier.

From our calculations, WH stabilizes in the P63/mmc
spacegroup and WHsy in the Pnma spacegroup above
50 GPa. For WH, tungsten atoms form a hexagonal
closed-packed host matrix with hydrogen atoms occu-
pying the octahedral interstitial sites. In the Pnma
structure of WH,, the metal atoms are arranged in
a slightly distorted hexagonal lattice. In addition to

W W_H WH WH H

2 2

T T T T T T T v
044 - ®- 0GPa —@— 20 GPa —A— 40 GPa —¥— 60 GPa
—<¢— 80 GPa —»— 100 GPa —¢— 120 GPa

Hf [eV/atom]
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H atomic content

FIG. 3: (Color online) The relative enthalpies of formation
per atom with respect to elemental W and molecular Hy for
different WH,, compositions. The convex hulls are shown by
solid lines. Dotted lines through the neighboring points re-
siding above the convex hull are guides for the eye.
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FIG. 4: (Color online) Pressure-Volume diagram of tungsten
hydride. The solid line indicates the calculated equations of
state for WH, the open circles the EoS for WH2. Open dia-
monds denote calculated pV data for a fractional mixture of
% WH and é WH,. The dashed lines are guides to the eye.
Solid symbols are experimental unit-cell volumes fitted with
a hexagonal cell.

the octahedral sites in the WH-phase, hydrogen atoms
also occupy half of the available tetrahedral sites. A
transition between these two phases therefore does not
require a major rearrangement of the metal host lattice
and thus, WHy can form in addition to WH at higher
pressures. Figure 4 shows the calculated equation of
state for WH, WH, and a mixed composition phase
of (1 —y)WH + (y)WHz (y = %), together with our
experimental data for comparison. We found that below
25 GPa, the experimental EoS can be satisfactorily



explained by pure tungsten monohydride. However, at
pressures between 25 and 50 GPa, the experimental
volume deviates from the EoS of pure WH, suggesting
an additional uptake of hydrogen. Above 50 GPa,
the observed pressure-volume data show a behaviour
which is not explained by either pure WH or pure
WH,. Instead, a mixed-phase model of WH + WH,
where all octahedral sites and a fraction of the available
tetrahedral sites are occupied, can explain the observed
behaviour. This leads to the conclusion that the reaction
WH + %Hg — WH;, is initiated and driven by pressure
but appears to be halted at pressures above 50 GPa
reaching a composition of (1—y)WH + (y)WHs (y = 3).
In other words, once all octahedral sites are filled and
sufficient pressure is applied, hydrogen atoms start to
occupy a fraction of the tetrahedral sites. Whether
the metallic lattice transforms into the distorted Pnma
structure or remains perfectly hexagonally oriented is
experimentally difficult to address because of the very
broad diffraction peaks which allow indexing in either
configuration. At the highest pressures reached in this
study (120 GPa), the reaction is still not complete
and tetrahedral occupation seems to saturate at ~17%
(= y/2). Even with time (some of our samples resided
in this pressure region for several weeks), no higher
hydrogen content was reached. In samples that were
not fully transformed into the monohydride phase, a
slightly smaller volume is measured, indicating a lower
hydrogen content, probably due to a deficient filling of
the octahedral sites. The nanocrystalline nature of the
hydride however might add to uncertainty in hydrogen
content and atomic ordering. At the same lattice
expansion, a larger hydrogen content might be possible
due to surface-effects in the nanocrystalline grains.

The results presented here are of immediate interest
to the field of high-pressure research. The change in
microstructure as well as increased hydrogen uptake
could have potentially significant consequences since
tungsten is often employed as a sealing material in
experiments involving pure hydrogen. Due to the higher
synthesis pressure of the hydride phase and slower
formation kinetics, tungsten gaskets show improved
stability at pressures above 1 Mbar compared to rhe-
nium. We hope that the findings presented here will
encourage further experimental and theoretical stud-
ies on the influence of microstructure and also kinetic
effects on the formation and properties of metal hydrides.
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Experimental Methods

In four independent runs, we loaded pristine tungsten powder consisting of single crystalline grains, several
microns in size, together with hydrogen compressed to 2000 bar into symmetric diamond anvil cells. The hydrogen
also acted as the pressure-transmitting medium. Even at the highest pressures reached in these experiments, the
tungsten sample was always surrounded by excess hydrogen. In three out of four runs we used diamonds with 250
pm culets, in the fourth run we used 90 pm beveled diamonds to achieve pressures above 1 Mbar. Pressure was
determined using the revised hydrostatic ruby scale up to 70 GPa and the calibrated hydrogen vibron shift above.
Rhenium foil of 250um was used as a gasket material. Gasket holes of around 50% of the culet diameter were drilled
using a YAG infrared laser. The final thickness of the gasket was measured to be 25um in the case of the larger culets
and ~ 15um for the bevelled culets. Angle-dispersive x-ray diffraction patterns using microfocused monochromatic
synchrotron radiation (A = 0.4149A) were collected at the beamlines 115 at Diamond Light Source, UK, and ID09a
at European Synchrotron Radiation Facility, France. MAR345, MAR555 and Perkin Elmer flat panel detectors were
used for data collection. X-ray diffraction patterns were analyzed using Fit2D [1], Jade MDI 9 and JANA 2006.
TEM-samples were prepared by focused ion beam milling and subsequent lift-out and transfer to a copper TEM-grid.
The finished samples had a thickness of 80-100 nm. TEM data was collected at the Leeds Electron Microscopy And
Spectroscopy centre, UK.

Computational Details

The incorporation of hydrogen into d-band metals is a consequence of the hydrogen dissociation arising from
the catalysis of the transition metals. Atomic hydrogen usually occupies the tetrahedral (T) or octahedral (O)
interstices of the metal lattices[2, 3]. We therefore consider those structures generated by hydrogen occupancies at
T or O interstitial sites[3]. The underlying ab-initio structural relaxations were performed using density functional
theory (DFT) within the Perdew-Burke-Ernzerhof (PBE) parametrization of the generalized gradient approximation
(GGA)[4] and the local-density approximation (LDA) Ceperley-Alders exchange-correlation potential parametrized
by Perdew-Zunger scheme (CA-PZ)[5] were used with the PAW potentials as implemented in the Vienna ab-initio
simulation package (VASP)[6]. The adopted all-electron projector-augmented wave (PAW)[7] pseudopotentials of
W and H treat 5d, 6s and 1s electrons as valence. The cutoff energy of 700 eV and appropriate Monkhorst-Pack
k-meshes were chosen to ensure that all the enthalpy calculations were well converged to less than 1 meV/atom.

The experimental data indicates that the W atoms occupy the hcp lattice points. Furthermore, the W atoms have
also been shown to occupy the hep lattice points in the predicted structures of WH and WHy (see Ref. [8]). In
order to obtain the different stoichiometries (including WoH, WH, WyHs and WHy), W atoms were fixed on the
hep lattice points and H atoms occupy the T or O interstitial sites. Through structural relaxations with VASP, we
chose the structure with competitive energies as the best one in different stoichiometries. To check the validity of
these results, we performed structure predictions through a global minimization of free energy surfaces based on the
CALYPSO (Crystal structure AnaLYsis by Particle Swarm Optimization) methodology as implemented in CALYPSO
code [9-13]. We searched the structures of stoichiometric WH and WH, with simulation cell sizes of 1-4 formula units
(fu.) at 30 and 60 GPa and fixed the W atoms in the hcp lattices, then H atoms added in the system randomly.
The predicted structure of WH is the anti-NiAs structure, of P63/mmc symmetry (Z = 2) at 30 and 60 GPa. The
predicted structures of WHy are hexagonal and orthorhombic phases with space group P63/mc and Pnma at 30
and 60 GPa, respectively. To obtain the most likely stoichiometry at different pressures, we investigated the phase
stabilities of W-H systems by calculating the formation enthalpy of various WH,, (n = 0.5, 1.0, 1.5, 2) compounds in
a pressure range of 0 to 120 GPa. The formation enthalpy of WH,, was calculated by using fractional representation
Wi_,H, (0 <y < 1) with respect to the decomposition into W and Ha, as



hy(Wi-yHy) = h(W1_yHy) — (1 = y)h(W) — yh(H) (1)

where the enthalpies h for W;_,H,, are obtained for the most stable structures at the desired pressures. We adopted
the most stable structures for solid Hy and elemental W in their corresponding stable pressure ranges, i.e. Ha in
the P63/m (0-100 GPa), C2/c (110-120 GPa) structures and W in the bee (0-120 GPa) structure[14]. The convex
hulls are depicted in Fig. 3 (main text) for pressures at 0, 20, 40, 60, 80, 100 and 120 GPa. The main results
can be summarized as follows (see also main text): (i) At P = 0 GPa, all the WH,, systems which have positive
hy are not stable. This is consistent with the experimental observation that no WH,, compound forms at ambient
pressure. (ii) At P = 20 and 40 GPa, among different compositions, WH is the most stable stoichiometry and the
only one stoichiometry that can be synthesized. (iii) At P = 60, 80, 100 and 120 GPa, WH remains as the most
stable composition, while WHs is metastable. In conclusion, the stoichiometry of W-H compounds varies under high
pressure. The atomic fraction of H in W-H compounds rises with the increasing pressure. This is the reason for the
differences between calculated and observed equation of state. Detailed information on the calculated structures is
given in Tables 1-5.

For WH, analysis of the density of states (DOS) spectrum and electronic band structure indicates high accumulation
of occupied states at the Fermi level, indicative of metallic character. For WHy (Pnma) as for WH, there is again
no bandgap at the Fermi level, and still a substantial density of states (see Figs. 1 and 2). Interestingly, there is a
bandgap at half occupation of the valence levels, i.e. four electrons per formula unit, which again probably separates
hydridic and W 5d states. The calculated partial DOSs for WH and WHs (Figs. 1 and 2) show that they all contain
the low-lying hybridization bands between W 5d and H 1s states, which are the results of the introduction of H into
W. It is also found that W 5d states contribute most to the total DOS and dominate the DOS at the Fermi level.
To check the dynamical stabilities of the currently predicted W-H compounds, we have also checked the full phonon
dispersion curves for them. The absence of any imaginary phonons gives direct proof of their dynamical stabilities at
the corresponding stable pressure ranges (Fig. 3).

TABLE I: Detailed structural information of P3m1 for WoH at 44 GPa

Parameter Value

a,b 2.746 A

c 4.7072 A

B 90°

5 120°

Atom Site Fractional coordinates (x,y,z)
W 2d 0.3333, 0.6667, 0.2586

H 1a 0,0,0

TABLE II: Detailed structural information of P63/mmc for WH at 44 GPa

Parameter Value

a,b 2.82641 A

c 4.57925 A

a,B 90°

5 120°

Atom Site Fractional coordinates (x,y,z)
A% 2c 0.3333, 0.6667, 0.25

H 2a 0,0,0




TABLE III: Detailed structural information of P3m1 for WoHs at 44 GPa

Parameter Value

a,b 2.90620 A

c 4.72150 A

a,B 90°

ol 120°

Atom Site Fractional coordinates (x,y,z)
W 2d 0.3333, 0.6667, 0.27078

H 2d 0.3333, 0.6667, 0.88470

H 1b 0,0,0

TABLE IV: Detailed structural information of P63/mc for WH2 at 40 GPa

Parameter Value

a,b 3.04256 A

c 4.62077 A

a,B 90°

~y 120°

Atom Site Fractional coordinates (x,y,z)
A% 2b 0.3333, 0.6667, 0.24804

H 2b 0.3333, 0.6667, 0.62988

H 2a 0, 0, 0.37208

TABLE V: Detailed structural information of Pnma for WHs at 100 GPa

Parameter Value

a 4.6119 A

b 2.8456 A

c 4.9460 A

.S,y 90°

Atom Site Fractional coordinates (x,y,z)
W 4c -0.2675, 0.75, 0.0883

H 4c -0.1169, 0.25, -0.0701

H 4c -0.0093, 0.25, 0.2907
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FIG. 1: Electronic band structure (left panel) and density of states (DOS) (right panel) of P63/mmc for WH at 30 GPa.
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FIG. 2: Electronic band structure (left panel) and DOS (right panel) of Pnma for WHs at 60 GPa.
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FIG. 3: Phonon dispersion curves of P63/mmc (WH) at 30 GPa (left panel) and Pnma (WH;) at 60 GPa (right panel).
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We have performed in-situ synchrotron x-ray diffraction studies of the iridium-hydrogen system up
to 125 GPa. At 55 GPa, a phase transition in the metal lattice from the fcc- to a distorted simple
cubic phase is observed. The new phase is characterized by a drastically increased volume per metal
atom, indicating the formation of a metal hydride, and substantially decreased bulk modulus of
190 GPa (383 GPa for pure Ir). Ab-initio calculations show, that the hydrogen atoms occupy the
face-centered positions in the metal matrix, making this the first known non-interstitial noble metal
hydride and, with a stoichiometry of IrHs, the one with the highest volumetric hydrogen content.
Computations also reveal that several energetically competing phases exist, which can all be seen
as having distorted simple cubic lattices. Slow kinetics during decomposition at pressures as low as
6 GPa suggest that this material is metastable at ambient pressure and low temperatures.

PACS numbers:

High pressure as a general route to material synthesis
[1-3] has been used in the past to obtain hydride
phases of most transition metals under thermodynamic
equilibrium conditions [4, 5]. However, in particular
for the noble metals, the required pressures can be
substantial (with the sole exception of palladium [6]). So
far, the highest reported pressures for hydride synthesis
are 25 GPa for tungsten [7, 8] and 27 GPa for platinum
hydride [9]. Most known d-metal hydrides exhibit a
closed-packed metal host lattice with hydrogen atoms
occupying the octahedral or tetrahedral interstitial sites,
the former being by far the most common modification
[5]. Thus, these hydrides usually exhibit a hydro-
gen:metal (H:M) ratio close to 1, with few exceptions
where higher ratios are achieved (e.g. rhodium-dihydride
[10]). No hydride phases are known for the noble metals
silver, gold [11], osmium and iridium. Interstitial
hydrogen alloys are interesting due their potentially
important physical properties, such as modified crys-
talline structures and mechanical properties [12], altered
microstructure [8] (nanocrystallinity), hydrogen medi-
ated superconductivity [13, 14] or potential hydrogen
storage capabilities [10, 15, 16]. Furthermore, according
to theoretical predictions, hydrogen confined in a host
matrix might undergo the elusive transition to a metallic
groundstate at considerably lower pressures than pure
hydrogen [17, 18]. Recent studies [19] estimate the
metallization pressure for pure hydrogen to be above
375 GPa, still out of reach of current static compression
techniques. The formation of a hydride phase is readily
observed in x-ray diffraction (XRD) measurements as
an expansion of the unit-cell (see e.g. in rhenium [12]),
or a structural phase transition with increased volume
per metal atom compared to the parent metal (e.g.
bee-to-hep in tungsten [7, 8, 20] or fee-to-hep in platinum

[9]). It has been found that, due to contributing its
electron to the valence band of the surrounding metal,
the presence of one hydrogen atom expands the host
lattice by 2-3 A3 (depending on the material, see Ref.
[4, 5]). From the formation of the nitrides of iridium and
osmium [21] at conditions identical to those at which
platinum nitride forms [22], it could be argued that an
equivalent behaviour might be observed for hydrogen.
However, although platinum hydride readily forms at 27
GPa, no hydride phases of iridium or osmium are known.

We have performed x-ray diffraction (XRD) studies on
iridium in a hydrogen medium at pressures up to 125
GPa in the diamond anvil cell (DAC) (see Ref. [23]
for details). At 55 GPa an additional phase appears in
XRD patterns of iridium. The new phase can easily
be indexed in the Pm3m space group (simple cubic,
see Figure 1) and exhibits a significantly larger volume
per atom than pure iridium at the same pressure. This
indicates the formation of a compound material, i.e. a
metal hydride (as opposed to a phase transition in pure
iridium). At 65 GPa, the volume difference amounts
to ~ 6.6 A% per metal atom, substantially more than
usually observed for interstitial metal hydrides (e.g. 2.1
A3 for platinum hydride [9]). Direct comparison with
other metal hydrides suggests a H:M ratio of 3 (assuming
full stoichiometry). However, such comparisons are not
directly valid since estimating the hydrogen content
by comparing unit-cell volumes is based on empirical
findings in interstitial hydrides. The simple cubic lattice
does not exhibit comparable interstitial sites. At room
temperature, the formation of the new phase progresses
very slowly at first and accelerates exponentially over
time during the first 50 hours after crossing synthesis
conditions (see inset Figure 1). The transition was
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FIG. 1: Integrated x-ray diffraction pattern at 120 GPa, in-
dexed with simple cubic iridium hydride (@ = 2.591 A, upper
red tick marks) and fee iridium (a = 3.577 A, lower blue tick
marks). Other visible reflections stem from rhenium hydride
formed at the gasket rim. The inset shows the development
over time of the relative scattering intensity (left scale) of the
IrHs (001)-peak compared to the Ir (111)-peak (circled reflec-
tions in the diffraction pattern). The dashed line indicates an
exponential guide to the eye to the data up to t=50h. The
solid red line denotes the applied pressure (right scale). The
optical micrograph shows the gasket and sample at 100 GPa.
The extension of the rhenium hydride zone in the gasket is
clearly visible.

measured through the relative scattering intensities
between Bragg peaks belonging to the hydride phase
and parent material measured in the same diffraction
pattern. Interestingly, the progress is independent of
pressure. During this period, pressure was increased
to 110 GPa with no deviation from exponential growth
detectable. However, after 50 h, the formation process
slows down. FEven after two weeks at 110 GPa, pure
Ir is still present in the sample volume. We therefore
employed low-power single-sided laser heating to ac-
celerate the formation process. Indeed, within a few
minutes, the parent material had completely vanished
and only the hydride phase remained. Due to the low
laser power applied (<6 W), temperature measurement
was not possible but could only be estimated to be
below 1000 K. In a subsequent experiment, we repeated
the laser heating process at 55 GPa and achieved almost
complete transformation of the sample within ca. 30 min.

On decompression we found the hydride phase of
iridium to be visible to pressures as low as 6 GPa, with
onset of decomposition visible between 15 and 20 GPa
(indicated by a decrease in scattering intensity). Thus,
we were able to establish the equation of state of this
phase in the pressure range between 6 and 125 GPa.
The data was fitted to a Vinet-type equation of state

yielding a zero-pressure volume Vy = 23.33A% and a
surprisingly low zero-pressure bulk modulus By =190(3)
GPa (B} = 5.62(11)) (see Fig. 2). A similar change
in mechanical properties is only known for chemically
produced hexagonal copper hydride where the bulk
modulus drops from 142 GPa to 70 GPa, a phenomenon
attributed to the hydrogen-metal bond which is partly
covalent and ionic [24, 25]. However, copper hydride still
exhibits a closed-packed structure. No other hydride is
known to exhibit a simple cubic host lattice which makes
it difficult to establish the correct crystal structure
by comparison, i.e. determine the position of the
hydrogen atoms which are almost invisible to x-rays.
We therefore employed ab-initio computational methods
to address crystal structure, thermodynamic properties
and stability of this material. Assuming the Pm3m
space group (Ir atoms located on the la sites), there are
three potential stoichiometries IrH,,, n = 1 — 3. Taking
the experimentally observed volume at 81 GPa (V =
18.59 A?%), placing a single hydrogen atom on the 1b site
yielded a calculated pressure of -0.5 GPa while three
hydrogen atoms on the 3d sites lead to a pressure of 324.6
GPa. Therefore, these two configurations can be ruled
out as possible candidates. A derived layered structure
with only two of the three available 3¢ sites occupied
(ItHp, P4/mmm, Ir(la), H(2e)) would correspond to
a somewhat plausible pressure of 49.8 GPa. However,
it is well known that calculations employing the PBE
functional slightly overestimate the pressure and better
agreement (98.5 GPa) is found for the IrHj structure
with hydrogens occupying the 3¢ sites (for more details
see Ref. [23]).

It can therefore be concluded that the hydrogen atoms
most probably occupy the center of the faces in the
simple cubic metal lattice, making this phase iridium
trihydride. The calculated parameters for the equation
of state are, V(=23.739 A3, By=238.3 GPa, B/=4.36.
The difference to the calculated volume of pure iridium
at 65 GPa is 7 A3, in good agreement with experimental
data. The calculated volume is 1.75 % larger than the
experimental value, which is typical for GGA-based DFT
calculations. However, the bulk modulus is unexpectedy
larger than the one found in fitting an equation of state
to our experimental data. The inclusion of the spin-orbit
coupling (SOC) yields a slightly smaller bulk modulus
(232.28 GPa), but associated to a bigger equilibrium
volume (23.858 A3). This implies an almost negligible
influence on the equation of state. Moreover, including
Hubbard interaction to account for the correlated 5d
states or going one step further on Jacob’s ladder by
using a rev-TPSS meta-GGA functional [28] leads to an
even larger bulk modulus, 239.13 GPa and 249.90 GPa,
respectively (see Figure 2). When constraining B’ = 4
in fitting the equation of state to our experimental data,
a bulk modulus of By = 231 GPa is found. However,
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FIG. 2: (Colour online) Measured pressure-volume data of
iridium (black diamonds) and iridium hydride (green circles).
The dotted black line is a literature equation of state of irid-
ium (Vo = 14.145 A%, By =383 GPa, B} = 3.1, see Refs.
[21, 26]). The solid green line is a Vinet fit to our data
(Vo = 23.33 A3, By =190(3) GPa, Bf) = 5.62(11)), the dashed
blue line the calculated equation of state of IrHs using a
rev-TPSS approach for the Pm3m structure (V=23.291 A3,
Bo=249.9 GPa, B(,=4.32). Inset shows the volume difference
between IrHs and Ir in comparison to the equation of state
for free hydrogen (solid line, showing volume for 3 hydrogen
atoms, adapted from Ref. [27]).

the quality of fit deteriorates drastically, rendering this
value significantly less plausible. Thus, to test if the
lower experimental bulk modulus arises from a not-fully
stoichiometric phase, we also calculated the equation of
state of IrHs g75, modelled by creating a single hydrogen
vacancy on a 2x2x2 supercell of the simple cubic phase.
However, its compressibility turned out to be very close
to that of the fully stoichiometric IrH3 phase (By=240
GPa). Although we can not exclude a deviation from
ideal stoichiometry at higher pressures, it does not
seem physically reasonable. Even if site vacancies exist
in the synthesized material, taking into account the
overestimation of the volume linked to the use of the
PBE functional, the H:M ratio would still be very close
to 3.

Interestingly, the Pm3m structure does not emerge
as dynamically stable, with phonon softening in all the
high-symmetry points at low pressures and in M and X
at high pressures (see Figs. 1 and 2 in [23]). Freezing-in
the atomic distortions involved in these soft modes leads
to several structures with lower enthalphies (see Fig.
3a). For instance, the unstable M3 mode that consists
of the closing and elongation of two of the Cy axis of the

Ir-Irg octahedra yields to a P4/nmm structure involving
a doubling of the simple cubic unit-cell. It exhibits
imaginary phonons at ' (see Fig. 3 in [23]), related to
a lowering of the symmetry to the P42;m space group,
where two thirds of the hydrogen atoms deviate from
the center of the cube faces. It corresponds, in fact, to
the condensation of the My and MJ modes. Moreover,
the simultaneous condensation of the M3 , M3 and X;
modes leads to a P21212; structure without imaginary
frequencies (see Fig. 4 in [23]).

From structural searches (see Ref. [23] for details),
two competitive structures (Pna2; and C.) appear as
thermodynamically stable below 68 GPa at 0 K. These
structures are also distortions of the simple cubic lattice
with decreased distortion amplitude when increasing
pressure. It can be noted that the observed diffraction
peaks exhibit varying degrees of broadening which is
not explained by a strain- or size-effect. However, the
broadening can be explained by overlapping doublets or
triplet peaks of these distorted-simple cubic structures,
in which the positions of the iridium atoms deviate
slightly from their ideal positions in a simple cubic cell
(see Table 1 in Ref. [23]). In fact, the Pna2; structure
is dynamically stable at 125 GPa and a Le Bail fit yields
good agreement with experimental data (see Figs. 5
and 6 in Ref. [23]). However, this structure can not be
confirmed as a unique solution given the variety of struc-
tures energetically competitive and very similar to the
simple cubic structure at that pressure and susceptible
to be stabilized by local stress, thermal and anharmonic
effects. Particularly, entropic and anharmonic contri-
butions might help to reduce the distortion amplitudes
and, ultimately, stabilize less distorted structures than
those computationally predicted at 0 K. It can be still
concluded that the present structure is most probably
no perfectly simple cubic but rather slightly distorted.

At pressures above 68 GPa, a different phase with
Pnma space group emerges as energetically favourable
at 0 K and dynamically stable (see Fig. 7 in Ref. [23]).
This structure, which still exhibits a H:M ratio of 3, is
not a simple distortion of the simple cubic lattice (see
Table 1 in Ref. [23]). Although the metallic atoms are
hexaconnected as in the (distorted)-simple cubic struc-
tures, the motif of iridium octahedra with hydrogens
located close to the center of the edges transforms to
one of triangular prisms with interstitial hydrogens and
short distances in between (At 125 GPa, the shortest
H-H distance is 1.46 A, being 1.85 A for the simple cubic
structure). We do not see any experimental evidence
for this phase in our data up to 125 GPa. It can be
assumed that, similarly to other hydride phases, the
formation is hindered by an energy barrier, which also
accounts for the large hysteresis between synthesis and
decomposition in the cubic phase. It has been suggested
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FIG. 3: (Colour online) (a) Calculated enthalpies of forma-
tion as a function of pressure for proposed iridium hydride
structures. The enthalpy of the constituent elements at the
corresponding pressure is taken as the reference enthalpy.
AH = H(IrH,) — H(Ir) — nH (0.5H2). (b) Atomic framework
in the Pm3m-structure (left), Pna2;-structure (middle) and
Pnma-structure (right). Details of the positioning for Pna2:
and Pnma can be found in Table 1 in [23]. Larger red spheres
denote iridium atoms, smaller blue spheres hydrogen atoms.

that a higher observed synthesis pressure compared
to the calculated equilibrium pressure is due to the
additional energy required to dissociate the hydrogen
molecule and macroscopically expand the metal sample
(which requires energies comparable to the yield strength
of the metal) [29]. Therefore, it could well be possible
that the distorted cubic phase transforms into this phase
at pressures above 125 GPa. Taking into account that
experiments are performed at room temperature, it is
also plausible that the observable structure remains
trapped in any of the local minima of the flat energy
surface in the vicinity of the simple cubic structure.

It is interesting to compare the differences between
iridium hydride and other transition metal hydrides:
In most known d-metal hydrides, synthesized at high
pressures, the hydrogen atoms occupy the octahedral or
tetrahedral interstitial sites in the closed-packed metal
host lattices. On these sites, hydrogen appears to be

mostly incompressible and the mechanical behaviour
of the hydride is almost identical to that of the parent
material. In iridium hydride however, the presence
of the hydrogen atoms has profound impact on the
material’s mechanical properties, decreasing the bulk
modulus significantly. It is sometimes observed that
the formation process in other hydrides is slow but
can usually be accelerated by increasing pressure (e.g
in tungsten or rhenium), which is not observed here.
Decomposition usually happens rapidly (instantaneously
within the time scale of the experiment, i.e. usually
<5 min.) as soon as pressure falls below equilibrium
conditions. Again, this is not observed in IrH3 where
decomposition happens slowly. Since formation is accel-
erated at higher temperatures, it can be assumed that
the material might be “frozen” at lower temperatures
and decomposition prevented, rendering it (meta-)stable
at ambient pressure (similar to copper hydride). The
calculated elastic constants for the simple cubic struc-
ture (Pm3m) at zero pressure (Ci1= 460.63 GPa, Cio=
127.54 GPa, Cyy= 24.31 GPa) of IrH3 obey the Born
stability criteria for the mechanical stability and inform
on its metastability. It is also interesting to note the
high Zener anisotropy (2Cy4/(C11-C12)=0.15) of this
material and, especially, its low shear modulus (59.07
GPa, under the Voigt-Reuss-Hill approximation [30]),
in contrast to the high value (210 GPa) for pure fec
iridium. Thus, one can conclude that the hydrogenation
process turns a brittle into a ductile material. The
observation of the high hydrogen content in conjunction
with a severely increased compressibility lends itself
to the debate whether the confined hydrogen might
be compressed to densities surpassing the proposed
metallization density. However, a direct comparison
between the equations of state for iridium and iridium
hydride shows that the volume difference approaches a
constant value in the high-pressure limit corresponding
to pure hydrogen at ~250 GPa, well below predicted
metallization pressures (see also inset Figure 2).

In conclusion, we have synthesized a novel metal
hydride from the elements with very high hydrogen
content and unusual crystalline structure (distorted
simple cubic metal host lattice) that is seen up to the
highest pressures reached in this study (125 GPa).
The formation of the lowest-enthalpy phase above 68
GPa (Pnma spacegroup) is not observed and might
be hindered by an energy barrier. The transition
into the hydride phase as well as its decomposition
are characterized by slow kinetics which suggests that
the material might be metastable at ambient pressure
and low temperatures. The results presented in this
work have important implications for the synthesis
of new materials at high pressures and the study of
metal hydrides in general, and we hope that our findings
will encourage further experimental and theoretical work.
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Experimental methods:

In three experimental runs, we loaded symmetric diamond anvil cells with pristine iridium powder and hydrogen
precompressed to 2000 bar. Beveled diamonds with a culet diameter of 90 pm were used to reach pressures above 1
Mbar. The gasket material was rhenium. Gasket holes were prepared using a combination of infrared laser drilling
and focused ion beam (FIB) milling. The revised ruby fluorescence scale was used at pressures below 70 GPa. Above,
the calibrated hydrogen vibron scale was used in conjunction with the diamond Raman edge scale. Single-sided laser
heating was used to study the reaction kinetics. Angular dispersive synchrotron XRD-measurements were carried
out at beamlines 115 (Diamond Light Source, UK), ID09 (European Synchrotron Radiation Facility, France) and
P02.2 (Deutsches Elektronen Synchrotron, PETRA-III, Germany).

Computational methods:

Electronic structure calculations were performed within the density-functional theory (DFT) formalism with a plane-
wave pseudopotential approach, as implemented in the Vienna ab initio simulation package [1]. We used the Perdew-
Burke-Ernzerhof generalized gradient (GGA) exchange-correlation functional [2] and the projector augmented wave
(PAW) all-electron description of the electron-ion-core interaction [3]. Due to the large pressures involved and to
ensure a proper electronic treatment, we treat the 5s, 5p, 6s and 5d electrons as valence. Brillouin zone integrals
were approximated using the method of Monkhorst and Pack [4], and the energies converged with respect to k-point
density (k-point grid spacing of 2rx 0.03 A=1)) and to the plane wave kinetic energy cutoff (1000 eV). The equation
of state parameters were determined through robust polynomial fittings of the calculated energy-volume points as
coded in the GIBBS program [5]. Structure searches were performed through the ab initio evolutionary algorithm
USPEX [6] in the pressure range of the experimentally detected phase. The initial structures were randomly generated
containing up to 4 formula units. Each subsequent generation was created from 60% of the lowest-enthalpy structures
of the preceeding generation through heredity, lattice mutation and permutation of the atoms. In addition, the lowest-
enthalpy structure of a generation was carried over into the next generation. The underlying structural optimizations
were performed with the VASP code. A plane-wave kinetic energy cutoff of 550 eV and a resolution of 27 x 0.05 A—!
for the sampling of the Brillouin zone were enough to assure energetic and structural convergence.

Phonon frequencies were calculated within density-functional perturbation theory as implemented in the Quantum-
ESPRESSO package [7] The total energies required in the calculation of the phonons were obtained using the same
Perdew-Burke-Ernzerhof parametrization of the exchange correlation potential [2]. The ion-electron interaction was
described by an ultrasoft (Vanderbilt [8]) pseudopotential. Brillouin-zone integrations were performed using the same
grids as in the VASP calculations.
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FIG. 3: Calculated phonon dispersions for the P4/nmm structure (125 GPa).
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in Table I.
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FIG. 6: Le Bail fit (green solid line) of the Pna2; structure to experimental data at 125 GPa (red crosses). The derived lattice
parameters are a = 3.6183 A, b = 3.6834 A, ¢ = 5.1674 A, giving a volume of Vot = 17.2173 A3. Tick marks indicate principal
reflections of this space group. However, due to internal symmetry, some reflections have zero intensity. For comparison, a
simple cubic lattice (Pm3m) fitted to the same data yielded a lattice parameter of a = 2.5823 A, giving a nearly identical
volume of Vyy = 17.2195 A%
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Space group Lattice parameters (A) Atomic coordinates (fractional)

P4/nmm a=3.692 Ir(2¢) 0.2500 0.2500 0.0455
(125 GPa) b=3.692 H(4e) 0.0000 0.0000 0.5000
c=2.637 H(2a) 0.7500 0.2500 0.0000

P42:m a=3.690 Ir(2¢) 0.0000 0.5000 0.9620
(125 GPa) b=3.690 H(4e) 0.2802 0.7802 0.5180
c=2.639 H(2a) 0.0000 0.0000 0.0000

Pnma(1) a=3.703 Ir(4c) 0.4453 0.2500 0.9971
(125 GPa) b=5.229 H(8d) 0.7238 0.4816 0.2274
c=3.711 H(4c¢) 0.9784 0.2500 0.9713

Pna2; a=3.698 Ir(4a) 0.4457 0.5030 0.2492
(125 GPa) b=3.718 H(4a) 0.2773 0.7245 0.9801
c=5.231 H(4a) 0.7773 0.7755 0.5183

H(4a) 0.9786 0.5303 0.2492

Pna2; a=3.787 Ir(4a) 0.4642 0.5027 0.2259
(60 GPa) b=3.983 H(4a) 0.3090 0.6972 0.9684
c=5.474 H(4a) 0.7578 0.7802 0.5418

H(4a) 0.0124 0.5725 0.2606

Pnma(2) a=3.453 Ir(4c) 0.2542 0.2500 0.9171
(125 GPa) b=3.459 H(8d) 0.1268 0.5384 0.6821
c=5.948 H(4c) 0.3767 0.2500 0.3972

TABLE I: Calculated parameters for some of the studied phases at 125 GPa. Data for the Pna2; structure at 60 GPa have
been also included. The description of the simple cubic structure within the P4/nmm and P421m space groups leads to the

following relations: ¢; = ac, ¢+ = V2 (t tetragonal and ¢ cubic settings). The Ir atoms locate on 2c sites (3,%,0), and (0,3, 0)

in the P4/nmm and P42,m basis, respectively. The atomic coordinates for the 4e site in the P42,m structure are i,%, % The

relations that arise from the description within the Pnma space group are, a, = ¢, = V/2a¢, bo = 2a. (o orthorhombic and
c cubic settings). The Ir atoms locate on 4c sites (3,5,0) and H atoms on 84 (2,3,7) and 4c (0,1,0) sites. The relations for
the Pna2; space group are, a, = b, = \/ﬁac, ¢o = 2a. (o orthorhombic and ¢ cubic settings). The Ir atoms locate on 4a sites

(%,%,i) and H atoms on 3 non-equivalent 4a sites (i,%,O), %,%,%) and (O,%,i).
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