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Abstract

Metal hydrides, considered as promising hydrogen-storage material and potential
high-temperature superconductors, have attracted increasing attention from researchers in
the fields of physics and material sciences. The most efficient way to produce hydrides is
the employment of high hydrogen pressure, which increases dramatically the chemical
potential of hydrogen. The recent development of high-pressure diamond anvil cell (DAC)

technique allowed a series of metal hydrides to be synthesized: RhH,, IrH3, FeHs.

This dissertation aims to seek new metal hydrides and further investigate their structural
properties by means of high-pressure energy-dispersive X-ray diffraction and Raman
spectroscopy. In this thesis, our studies are mainly divided to two parts. The first part
focuses on high-pressure structural investigations of selected rare-earth metal hydrides.
Our aim is to continue and try to complete the systematic high-pressure study on the
remaining rare-earth (RE) metal hydrides. In the second part, we are devoted into seeking
and synthesis of new transition metal (TM) hydrides by using high-pressure of hydrogen

gas in diamond anvil cells (DACs).

This thesis is composed of four chapters. Chapter 1 gives a comprehensive introduction
of the studies and provides related background knowledge of the high-pressure
experimental techniques employed in this thesis: high-pressure energy-dispersive X-ray

diffraction and high-pressure Raman spectroscopy.

Chapter 2 presents the structural investigations on rare-earth trihydride, specifically,
trihydrides of dysprosium and lanthanide. Synchrotron X-ray and Raman scattering
investigations have been performed on dysprosium trihydride at high pressure up to

40 GPa. As predicted by theoretical calculation and other studies, dysprosium trihydride
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was observed underwent an hexagonal-to-cubic phase transformation similar to those of
other heavy lanthanide trihydrides. These studies completed the overall picture of
hexagonal to cubic phase transition for the whole ReHs; compounds since dysprosium
trihydride is the last one that has not been studied so far among the heavier lanthanide
trihydrides family. LaH3; and LaD3; were chosen to be studied at high pressure due to the
appearance of unknown rich peaks in our preliminary Raman measurements. The
stoichiometric lanthanum trihydride and deuteride undergo pressure-induced phase
transformation presumably of hydrogen ordering origin similar to that observed in the

heat capacity measurements at low temperature.

Chapter 3 elucidates our recent achievements in the high-pressure investigations of the
selected transition metals, molybdenum and tantalum, under high pressure of hydrogen in
diamond anvil cell. The molybdenum-hydrogen system was studied in a diamond anvil
cell at high hydrogen pressure up to 30 GPa at room temperature by X-ray diffraction. A
phase transformation was observed of a bcc metal to a hydride with an hcp metal lattice
and H/Mo=1.1 at pressure around 4 GPa; the hydrogen content of the hydride increase
with pressure increase in the pressure range of 4-15 GPa; eventually the hydrogen content
reached saturation around 15 GPa with ratio H/Mo of 1.35(10) evaluated from the
volumetric consideration. Although the theoretical calculation predicted the formation of
dihydride we failed to obtain it. With respect to the tantalum-hydrogen system, we
investigated it by x-ray diffraction in a diamond-anvil cell at room temperature in the
pressure range up to 41 GPa. A substoichiometric tantalum monohydride with a distorted
bcce structure was formed at 5 GPa and its hydrogen content reaches H/Ta = 0.92(5); a
new hydrogen-rich phase of tantalum with an hcp metal lattice was found at higher
pressure and its hydrogen content was independent of pressure. The single-phase
hydrogen-rich phase was synthesized at a hydrogen pressure of 9 GPa in a toroid-type
high-pressure apparatus and possess an hcp metal lattice with a = 3.224(3) and ¢ =

5.140(5)A° at T = 85 K investigated by X-ray diffraction. The hydrogen content
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determined by thermal desorption was H/Ta = 2.2(1). The tantalum dihydride was
successfully synthesized and possesses hexagonal metal lattice, unlike niobium and

vanadium dihydrides which based on a fluorite structure.

In Chapter 4, a brief overview of the whole studies and final conclusions is given.



Chapter 1

Chapter 1. Introduction

1.1 Hydrides

1.1.1 Category

Hydrides are defined as a set of compounds that hydrogen combines with another
element in periodic table. Based on the nature of the hydrogen bonds, hydrides have been
classified into three principal categories, namely covalent or volatile, saline or ionic, and
metallic. Each category has its distinct properties. Saline hydrides are formed by the
reaction of strongly electropositive alkali and alkaline-earth metals with hydrogen, which
is strongly electronegative due to electron transfer. Covalent hydrides contain hydrides
formed by the elements from Group 11 to 17 with hydrogen. Some complex hydrides are
also assigned to this category. Metallic hydrides include most hydrides formed by the
Transition Metals (TMs), expect the element Group 11 and 12. Although such
classification is not always depictive, for example, the rare-earth (RE) hydrides are
regarded as metallic hydrides, exhibiting some characteristics similar to those of saline
hydrides. It is still helpful and useful to better understand the differences in hydrides. The

categories are clearly presented in Fig. 1.1.

Saline hydrides consist of the monohydrides of the alkali metals and the dihydrides of the
alkaline-earth metals with the exception of beryllium. Following the first publication® on
the reaction between hydrogen and any of the alkali or alkaline-earth metals between
1808 and 1811, researchers tried to figure out the composition of these hydrides.
Consequently, the alkali-metal hydrides were determined as monohydrides® and the
alkaline-earth metal hydrides are dihydrides without evidence of the existence of

subhydrides**. Although scientists put their effort into preparing of beryllium dihydride,

1/109
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they failed to obtain a pure form of beryllium dihydride until 1951. It was obtained by
treating dimethylberyllium Be(CHs), with lithium aluminum hydrides, LiAIH4. Unlike
the other alkaline-earth metal hydrides, it possesses covalent bonds, namely, three-center

two-electron bond.

Group > 4 2 3 4 5 6 7 8 9 10 N 12 13 14 15 16 17 18
| Period

1
1 H
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Fig. 1.1 The bonds properties of binary hydrides in periodic table.
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Covalent hydrides contain hydrides formed by the elements from group 11 to groupl?.
Only copper form covalent monohydride, none of the other metals from Group 11 to 12
form simple binary hydrides. The solubility of hydrogen in the other metals is
considerably low, usually to the extent of 10™. In the case of gold, hydrogen is not
soluble to any measurable extent. The elements of Group 14 to 17 all form hydrides with
normal covalent bonds in which the hydrogen is bounded by a single bond to the element.
In contrast, the elements of Group 13 (as typified by boron) all exhibit a second type of
covalent bond: the electron deficient hydrogen bridged bond. In this type of bond, the
hydrogen nucleus is embedded in a molecular orbital that covers more than two atoms to
create a multi-center two-electron bond. Aluminum hydride can be obtained from the

direct reaction of aluminum and high-pressure hydrogen gas at room temperature.
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The most interesting part is the TM hydrides. As shown most of the TM elements form
metallic hydrides reacting with hydrogen. Only copper from Group 11 and 12 can form
monohydride and, interestingly, it can form both covalent and metallic hydride®®. The
hydrides from group 3 to 10 will be discussed late in Chapter 3. The RE metal regarding
as inner TMs, which contain lanthanide as well as scandium and yttrium, will be shown

in details in Chapter 2.

1.1.2 The locations of hydrogen atoms in the hydrides

The positions or locations of hydrogen atoms in the hydrides are particularly important
and intensively studied by both the theorists and experimentalists. For metal hydrides, the
hydrogen atoms usually occupied interstitial sites in the metal lattice. The three typical
structures of metal lattice of hydrides, namely face-centered cubic (fcc), close-packed
hexagonal (hcp) and body-centered cubic (bcc) are shown in Fig. 1.2. When the hydrogen
atoms are absorbed during formation of metal hydrides, the specific sites octahedral and
tetrahedral sites are occupied by H atoms. In most hydrides, the H atoms locate at slightly
distorted interstitial sites rather than ideal octahedron or tetrahedron sites. The metal
lattices of hydrides are determined by X-ray diffraction in the experiments. In order to
locate the position of H atoms, the neutron diffraction or inelastic neutron scattering are
necessary to be performed. In most cases, neutron experiments were performed on
deuterides instead of hydrides resulting from lager coherent cross section and smaller
incoherent cross section in D than in H. While, the location of H and D in the
corresponding hydrides and deuterides are not necessarily always the same. In the fcc
lattice, a T and O site is surrounded by the nearest metal regular atoms located in
octahedral and tetrahedral sites, respectively. As O sites in fcc lattice are fully occupied,
the number of O intensities per metal atom is one. In the case of T sites, the number per
metal atom is two. In hcp lattice, the polyhedron formed by the nearest metal atoms
usually appear to be distorted due to the deviation of the axial ratio from the ideal value
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of 1.633. The number of O and T sites per metal atom in hcp lattice is the same as that of
O and T sites in fcc lattice. This is because the nearest neighbors for close-packed
structure - both fcc and hcp - are the same. In the bcc lattice, the O sites and T sites are
always surrounded by strongly distorted polyhedron formed by the metal atoms. hence,
both o sites and T sites in bcc lattice can be further divided into three groups depending
on the direction of their four-fold symmetry axis. The number of O sites per metal atom

in bee lattice is three and that of T sites per metal atom is six.

O sites

T sites

Fig. 1.2 Interstitial sites in hcp, fcc and bee lattices™. Octahedral (O) sites and Tetrahedral
(T) sites.

1.1.3 Potential application

Hydrides have several potential applications. Firstly, as promising hydrogen storage
materials, hydrides provides numbers of advantages over other conventional methods of
either as compressed gas in highly pressurized tanks or as the liquid in cryogenic tanks.

One of the advantages is that metal hydrides are capable of storing large amounts of
41109
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hydrogen, namely, high volumetric hydrogen storage densities. Additionally, metal
hydrides as solid-state hydrogen storage container are inherently safer compared with the
mechanical hydrogen storage methods due to the low pressure needed during the
hydrogen absorption process. Hence, they are desirable to use as hydrogen carriers for the
on-board vehicular application. Secondly, since hydrogen atoms in metallic or covalent
hydrides provide the necessary high-frequency phonon modes as well as the strong
electron-phonon coupling, in principle, the conditions for superconductivity based on
Bardeen-Copper-Schrieffer theory are fulfilled. Recently, the sulfur hydride was
observed to exhibit superconductivity with the highest Tc of 203 K at high pressure.
Afterwards, LaH-1o was reported to show superconductivity with a record Tc of 250 K at
~170 GPa™. Those retriggers scientists in search of room temperature superconductors

among hydrides.

Since hydrides exhibit such prospective applications, the discovery of new hydrides and
the investigations on physical properties of both new hydrides and existed hydrides
appear to be of high significance. In this thesis, our studies are mainly divided into two
parts. The first part focuses on high-pressure structural investigations of selected RE
metal hydrides. Our aim is to continue and try to complete the systematic high-pressure
study on the remaining RE metal hydrides. The details will be described in Chapter 2. In
the second part, we are devoted into seeking and synthesis of new TM hydrides by using

high-pressure of hydrogen gas. The experiments and results are depicted in Chapter 3.
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1.2 Thermodynamics Under High Pressure

1.2.1 Fundamental of Thermodynamics™

In thermodynamics, hydrostatic pressure (P), volume (V), and temperature (T) are
fundamental quantities. The first law of thermodynamics applies the conversation of total

energy any infinitesimal process in a closed system:

dU = 6Q + W (1.1)

where dU represents the infinitesimal change in internal energy, 6Q is the infinitesimal

heat absorbed by the system and 8W is the work done on the system.

When a closed system undergoes a reversible process, the work done by the system is
given by the work effected on the system 8W = -PdV and the heat absorbed by the

system is given by 8Q = TdS, thus the change in internal energy can be simply as

dU = TdS-PdV (1.2)
where dU is expressed based on two independent variables: entropy and volume.
As the enthalpy H is defined as

H = U+PV (1.3)

By combining the definition and Equation 1.2, the change in the enthalpy for a closed

system during a reversible process is written as

dH = TdS + VdP (1.4)
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Likewise, the change in the Helmholtz free energy dF and in the Gibbs free energy dG

are given as

dF = -SdT-PdV (1.5)

dG = =-SdT+VdP (1.6)

Moreover, a number of relations are derived from the above equations, such as

T= (Z_g)v P=— (3_3)5 (from U) (1.7
T= (Z_‘;)P, V= (‘;—E)S (from H) (1.8)

wn
1
/N
Q|
IE
N—
<-
L)
1
|

Zs)T (from F) (1.9)

S=-— (aﬁ)P, S= (a—G)T, (from G) (1.10)

By calculating the mixed second derivatives of the thermodynamic potentials, we obtain

the Maxwell relations:

%), =-G),  (@omy) (111)
(55), = Go)y (from H) (112)
(Z‘DV T (Z_é)T (from F) (1.13)
), = Go). (from G) (114

The relations between thermodynamic potentials allow the variation experimentally

accessible although it cannot be measured directly. Specifically, the equation of state,
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oF

which play an essential role in material science, can be obtained either from P = (E)
T

or P=-— (Z—g)s It will be described in detail in the following section.

The compressibility of materials is describing the corresponding volume change when the
materials undergo pressure change. The isothermal compressibility (ky) and adiabatic

compressibility (ks) are defined as with unites of pressure™:

1,9V 1 ,0%G

kr = =2 Gor=—5 Gt (1.15)
1,0V 1 ,0%H

ks = =5 Gp)s = =3 Goads (1.16)

The bulk modulus (B), defined as the inverse of the compressibility, is commonly used in

material science. The relations between bulk moduli and thermodynamic potentials are

given by:
2
Br = -V G = VG (117)
a 92
Bs = -V (s = —V(51)s (1.18)

The bulk modulus has unit of pressure and reveals the elastic response of solids to
hydrostatic compression. The difference between Bt and Bs is negligible and thus they

are often employed interchangeably.

Thermal Griineisen parameter (ys), which reflects the change in the vibrational

characteristics in response to the volume change, is given by

Vv oS v _dP
Yo = ¢ G =5 Gy (1.19)

where C, and C, are the heat capacity at constant volume and pressure, respectively.
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1.2.2 Equation of State (EOS)

The Equation of State is functional relation of the state variables. As shown above, the

isothermal EOS for a solid is defined as follow:
B _v <6P>
B v/

From equation 1.17, the pressure is related with volume and internal energy as

P(V) = (3—3) . Thus, the bulk modulus can be rewritten as the second derivative with
S

respect to the volume:

B(V) =V (Z%’)T,S (1.20)

Its first derivative with respect to the pressure at constant temperature is defined as:

B = (Z—E)T (1.22)

A Murnaghan EOS

In 1944, by supposing that the bulk modulus is linearly change in response to the pressure

change, Murnaghan®’ proposed his famous equation of state:

UV) = Uy +-=

B

vo\B 1 BV,
) 7=+ 1] ! (1.22)

where Vg and Uy are the equilibrium volume and energy, at zero pressure. By applying

equation (1.20) to equation (1.22), Murnaghan's EOS is obtained as

B Vo

P(V) = I(V)B' - 1] (1.23)
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The Murnaghan's EOS can be rewritten in the form of the volume as a function of

pressure:
B g
V) =V [1+ P3| P (1.24)

B Birch-Murnaghan EOS

The third-order Birch-Murnaghan isothermal equation of state published in 1947'® is

given by:

9V(B

U= U+ 22 {[(‘(/_0)5 _1PB + [(%)é _ 1P l6 _4 ("V—‘))El} (1.25)

Likewise, the third-order Birch-Murnaghan's EOS is presented as follow:
3B Vol Vo2 3.5 Vos 2
P(V) = 2D — ({1 +3 (B - H[EY? - 11} (1.26)
The second-order Birch-Murnaghan's EOS is obtained by simplifying the third-order

Birch-Murnaghan's EOS with B' at a fixed value of 4,

P(V) = 25 - oy3) (L.27)

1.3 High-pressure Technique

1.3.1 Overview

High-pressure research is an extremely attractive field both for its scientific interest and
its industrial applications. When materials are subjected to high pressure, the fascinating
changes in chemical and physical properties occur. However, high-pressure research is a

field highly relying on instruments and techniques. At the beginning the developments in
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high-pressure technique have been driven by the quest to obtain synthetic diamonds.
Later on in 1935 **%°, the hydrogen was predicted to become a metal under high pressure
in a publication®. Conversely, the managements of achieving estimate transition

pressures stimulus the invention of high-pressure devices.

Roughly, the development of high-pressure technique is divided into three stages, the
Bridgman era, post-Bridgman era, and diamond anvil cell (DAC) era. Percy Bridgman, as
one of the pioneers in the high-pressure field, won Nobel Prize for his contribution in
1946°%. From 1910 to 1950, the era was dominated by the so-called Bridgman anvil and
the piston-cylinder device and named after Bridgman. In Bridgman era, the pressure up to
10 GPa is attainable. In the post-Bridgman era, the pressure range was extended to
several tens GPa by Drickarner and his colleagues®®?, who developed the
ultra-high-pressure anvil instruments supported for resistance, Mossbauer, x-ray
diffraction, and optical absorption measurements. Meanwhile, the belt apparatus and
multiple-anvils cells improved upon the piston-cylinder device?® became the popular
tools in the high-pressure field for materials synthesis and studies of phase transitions at
high pressure and high temperature. The introduction of diamonds in high-pressure
technique is a quite revolution in high-pressure research. Instead of steel anvils in
Bridgman anvil, two opposed diamonds are employed in DAC. In DAC, the samples are
placed in the flat paralleled faces of the two diamonds. When a force is applied between
the two opposed diamonds, samples in DAC are subjected to the corresponding pressure.
Since the original version of the NBS DAC invented in 1959 by NBS?, the DAC device
is modified by the introduction of the metal gaskets?’ for hydrostatic pressure generation,
tiny ruby as the pressure sensor, and hydrostatic pressure transmitting media. The DAC
fast become the most powerful and popular high-pressure device, accumulating a lot of
new results in high-pressure filed. With the DAC, the pressure attainable are extended up

to ~800 GPa, much higher than the evaluated pressure in the core of the earth

(~360 GPa).
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Modern high-pressure research can be investigated in two ways, experimentally and
computationally. The theoretical calculations develop rapidly benefited from the
high-performance computer. Although some predictions based on the theoretical
calculations can direct the experimentalists, the experimental method is still more reliable
in the high-pressure field. To some degree, the theoretical calculations are helpful mostly

when the experiments are not feasible or difficult to explain.

High pressure is a very hot field. The high-pressure techniques have a wide range of
applications, from the astrophysics and geophysics to materials physics and even the food
industry. Since the existed textbook usually describes the chemistry rules that are
applicable at zero-pressure, the behavior of materials subjected to extreme compression is
rather poorly understood. The high-pressure research thus is more meaningful and

interesting.

In this thesis, with the help of DAC, we studied the behaviors of some selected RE
trihydrides at high pressure. Also, the TMs molybdenum and tantalum are investigated

under high-pressure hydrogen gas.

1.3.2 Diamond Anvil Cells®

The DAC is the most powerful and popular tool to generate hydrostatic pressure. The
essential part of the DAC is the two paralleled opposed diamonds as illustrated in Fig. 1.3.
The basic working principle is very simple. Between the two diamonds, a foil of metal
sheet is employed as a gasket. In the center of the gasket, a hole with a reasonable size is
drilled as a sample chamber. When the force is applied on the diamonds, the pressure on
the sample and gasket generated simultaneously. In general, the pressure inside the DAC
is measured by the pressure sensor, e. g. ruby. The essential elements of the DACs, e.g.
anvil diamonds, gasket, pressure sensor, and pressure transmitting media, are described in

detail below.
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1 1 Preindentation
area
Sample Ruby /

N

Gasket

Fig. 1.3 The opposed diamonds anvils with a metal gasket; A hole was drilled at the
center of the pre-indented gasket.

Drilled hole

The brilliant-cut diamonds are usually used in the high-pressure tools. The typical size of
the diamonds employed in DAC varies from 1/8 to 1/2 carat depending on the type of
DAC and the purpose of the study. The culet size of two opposed diamonds are usually
similar to each other and in a range of 0.3-0.7 mm. The type of diamonds used in DAC
relies on the purpose of the investigation. Type Il diamond was chosen in DAC for light
scattering studies since it has very low luminescence. However, a luminescent diamond
was selected to be used in DAC for X-ray investigation due to its good transparency to

X-ray.

The introduction of the gasket into the DAC was pioneered by Van Valkenburg®’, who
firstly used gasket for containment of hydrostatic transmitting media in the DAC. The
DAC was widespread as a quantitative tool in the high-pressure field later on. Metal foils
with an initial thickness from 0.25mm to 0.2mm are commonly employed as the gasket.
Generally, the gasket metal foil is fixed on the lower diamond. A hole with the size
varying from 0.2 mm to 0.1 mm was drilled served as a sample chamber. Besides
providing containment of sample, the indented gasket also served as supporting material

between two opposed diamonds as the force applied on the DACs.
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Another big progress in the development of DACs is the introduction of ruby as the
pressure calibration in the high-pressure measurements. Previously, the pressure is
calibrated by force over the area or fixed point methods. In 1972, the shift of ruby R lines
was found linearly depending on the pressure in the range of 1-22 kbar by using several
known liquid freezing points and some solid-solid transition points?®. Later on, further
efforts were put into the studies of the relation between the ruby R lines and pressure®.
Until 1978, Mao et al*® concluded the pressure is related to the shift of ruby R lines by

the equation shown below,
P(Mbar) =3.808[(AM6942+1)° -1]

where AL is the shift of ruby R2 line (A = 694.2 nm) and the pressure P estimated from
the equation has the unit of Mbar. According to the equation, the pressure is well linearly
dependent on the wavelength shift of ruby R2 line in the pressure range of 200 Kbar and
positive correction is needed for the linear scale as pressure is higher than 200 Kbar. The
equation is the only equation supported by the experimental data for the pressure
calibration with the pressure higher than 300 Kbar (30GPa) and the uncertainty on P
determined by the this equation is suugested to be around 2 GPa at 150 GPa by
Dewaele®. Alternatively, the anvil diamond is also proposed to be employed as pressure
scale due to its first-order Raman band shift with pressure and, specifically, it is

recommended to use diamond scale up to 310 GPa*? and even higher pressure.

The pressure transmitting media (PTM) are of significance since they may produce
hydrostatic conditions for investigated samples under pressure. Non-hydrostatic
conditions have misled the researchers to report the fake "new™" or "anomalous" pressure
effect. The good PTM should have the following properties: chemical inertness, zero

1% introduced the

shear stress, low cost and easy to load. In the 1970s, Piermarini et a
mixture of 4:1 methanol-ethanol as PTM, which stayed hydrostatic up to 10 GPa at room
temperature. Since then, lots of PTM have been used and tested. The mixed fluids of

16:3:1 water-methanol-ethanol allowed to extend the hydrostatic conditions up to
141109



Chapter 1

14.5 GPa. The fluid silicone oils are also commonly used due to its easy loading property.
It is worth mention that elemental gases (such as nitrogen, neon, and helium) remain
hydrostatic even in their solid phases. Solid rare gases are well used in low-temperature
high-pressure experiments with gas-loading techniques either cryogenically or under
high-pressure corresponding gas. Lead and indium are alternative options in
low-temperature measurements resulting from their low shear strengths rarely depend on

pressure and temperature.

1.3.3 High-pressure EDXRD

X-ray diffraction is a significant tool for determining the structure of the specimen in
material science. There are two different X-ray diffraction techniques, namely
angle-dispersive ~ X-ray  diffraction (ADXRD) and energy-dispersive  X-ray
diffraction (EDXRD). Both are applicable in the high-pressure field. While the special
design in DACs employed in ADXRD is necessary since the window of DAC limits the
diffraction angle. EDXRD thus has its own advantage due to the fixed diffraction angle
during the measurements. Almost all types of DACs are feasible for EDXRD. The
solid-state detector of EDXRD enables a rapid record of diffraction data, suggesting the

promising application in in-situ measurements.

A Theory of EDXRD

The fundamental of X-ray diffraction is constructive interference of monochromic X-ray.
For EDXRD method, the Bragg's law nA=2dpy Sin 26 can be rewritten as

Edqig Sin 20 = 6.1999,

where E (in KeV) represents the energy of X-ray phonons which is incident and
diffracted at a fixed angle 0 by the paralleled planes with the interplanar separation of

da (in A). In the high-pressure in situ EDXRD measurements, the diffraction data are
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collected by a solid-state detector at a defined angle 26. Thus the inverse relation of E and
dnw indicates that the higher energy of X-ray allows determining the smaller interplanar

distance of dpy.

B Setup of EDXRD

collimator amplifier

Polychromatic and MCA

=

llimat
X-ray tube collimator

SSD
HP Ge

beam stop

computer

Fig. 1.4 Simplified scheme of the EDXRD setup used with DACSs.

As shown in Fig. 1.4, the high-energy white X-ray beam is generated by an X-ray tube.
Then the X-ray beam is collimated and incident on the sample. The diffraction X-rays are
recorded by a solid-state detector (high purity germanium) at a fixed angle 26. The output
of the detector is amplified and analyzed by the multichannel analyzer. The solid-state
detector combined with multichannel analyzer allows the real-time detection, which
provides online viewing during the data collection. This makes EDXRD a better device

for the kinetic study of the specimen under high pressure.
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1.3.4 High-pressure Raman Spectroscopy

A Theory of Raman spectroscopy

Virtual State

hv,| |hvy+hv,,

" hv, hv,
A 4
A 4 h 4
Stocks Rayleigh Anti-Stocks
Scattering Scattering Scattering

Fig. 1.5 The mechanism of Raman scattering. v, denotes initial frequency
and v, represents the vibrational frequency of the excitations.

The Raman spectroscopy works based on inelastic scattering. In conventional Raman

spectroscopy, a specimen can be excited to a virtual state by the laser beam with initial

frequency vo. The obtained scattered light is divided into two types: (1) Rayleigh

scattering, also called as elastic scattering, dominates in the scattering light and has the

same energy as the incident laser beam (hvg); (2) Raman scattering, also called as

inelastic scattering, is extremely weak and consists of Stokes scattering (with frequency
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Vo - vm) and anti-Stokes scattering (with frequency vo + vim). vy represents the vibrational
frequency of the excitations, which can be vibrons in a molecule, phonons in an ordered
crystal structure. The Raman spectroscopy records the vibrational frequency vy, the shift

from the incident beam frequency vo.

As illustrated in Fig. 1.5, three different potential output can occur when a sample is
irritated by the incident beam with frequency vo. In general, the incident laser beam
interacts with the electrons in the molecules and results in polarization in molecules. The
molecules are excited to virtual states and then relax back to the vibrational states. For
Rayleigh scattering, the excitations emit a photon possessing the same energy as the
incident photon (hvo). The Rayleigh scattering is super intense because most photons
scatter this way. The excitations are excited by the incident photon (hvp) to virtual state
and then relax back to the high energy vibrational level accompanying with emitting
photons with less energy (hvo-hvy) than the incident photons, this is called Stocks
scattering. In contrast, the excitations are excited by the incident photon (hvg) to virtual
state and relax back to the lowest energy vibrational level with emitting photons with
more energy (hvo+hvy,) than the incident photons, this is called anti-Stocks scattering.
Both Stocks and anti-Stocks scattering processes are defined as Raman scattering since
there is energy loss or gain during scattering. In fact, Stokes scattering is usually more
intense than anti-Stokes scattering since most of the molecules are found in the ground
vibrational states. Consequently, it is customary to record only Stokes shift in Raman

spectroscopy.
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B The setup of Raman Spectroscopy with DAC34

@ camera
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| \ pinhole  slit  getector

(:0 \ beam splitter
laser I A

confocal

pinhole

objective lens

sample

DAC

Fig. 1.6 Simplified scheme of the Raman scattering setup with DAC in
backscattering geometry.

A typical Raman setup used in the high-pressure field is illustrated in Fig. 1.6. The
fundamental components of the Raman scattering setup include the laser source, various
optical lens and charged-coupled device (CCD) detector. In short, during Raman
measurement, the sample is struck by the incident laser beam and then the Raman
scattering is collected by the CCD detector. However, it is not easy to perform Raman
measurements since the intensity of inelastic scattering (Stokes scattering and anti-Stokes
scattering) is extremely weak compared with elastic scattering (Rayleigh scattering).

Thus efficiently recording the Raman signal at high pressure is more challengeable.
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The gas lasers in the range of UV-Vis-NIR are commonly chosen as the excitation light
since a high intensity and highly monochromatic laser beam is preferred in order to get a
signal-to-noise ratio in Raman measurements. The incident laser beam is
monochromatized by bandpass filter and focused by confocal pinhole onto a notch filter
(beam splitter). Then the light is reflected by notch filter at a right angle and redirected to
the compressed sample inside a DAC. Plan objectives with large working distance are
commonly employed in order to allow the monochromatic incident laser beam to focus
onto the compressed sample inside a DAC. The light reflected by the diamond window
and sample and the scattering light emitted by the sample is collected by the same
objective in backscattering geometry. The notch filters are commonly used to block a
narrow range of wavelength close to the incident beam and allow Raman signal to pass
through. The Raman signals are guided by the removable mirror to pass through the
confocal pinhole. It is worth mention that the application of the confocal pinhole highly
improved resolution both in the axial direction and in the lateral plane. Finally, the
Raman signal is collected by the CCD which works at low temperature and analyzed by

computer with appropriate software.
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Chapter 2.

2.1 Literature Review

Rare-earth Trihydrides

2.1.1 General Characteristics of the Rare-earth Metals

Table 2.1 Electronic Structure of the RE Elements %

Atomic

Neutral Atoms

Element 3 Cation
Number  |dealized Probable
Sc 21 3d* 452 3d* 4s? 3s%3p°
Y 39 4d* 55° 4d* 55° 4s% 4p°
La 57 5d* 652 5d* 652 5s° 5p°
Ce 58 4f* 5d* 65° 4F?  6s? 4f* 5s% 5p°
Pr 59 4f 5d* 65° 4F  6s? 4f? 5s% 5p°
Nd 60 4f° 5d* 65° 4" 6s? 4f° 55% 5p°
Pm 61 4f* 5d* 65° 4 6s? 4f* 5s? 5p°
Sm 62 4f° 5d* 65° 4f°  6s? 4f° 55% 5p°
Eu 63 4f° 5d* 65° 4f" 6s? 4f° 552 5p°
Gd 64 4f" 5d* 65° 4f" 5d* 65° 4f" 5s% 5p°
Tb 65 4f° 5d* 65° 4 6s? 4f® 55% 5p°
Dy 66 4f° 5d* 65° 4f°  6s? 4f° 5s% 5p°
Ho 67 4f*° 5d* 6s? 4ft  6s? 4f'%55% 5p°
Er 68 4f* 5d* 6s? 4f?  6s? 4f155% 5p°
m 69 4f*2 5d* 6s? 42 6s? 4f'?55% 5p°
Yb 70 4 5d* 6s? 4" 6s? 43557 5p°
Lu 71 4 5d* 65> 4f*“5d! 652 4f55% 5p°

The RE metals are one of a set of seventeen elements in the periodic table, specifically

the fifteen lanthanides (from atomic number 57 to 71) together with scandium (atomic

number 21) and yttrium ( atomic number 39)%.
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The electronic properties of the RE elements are shown in Table 2.1. Instead of the
idealized arrangement 5d'6s?, the inner 4f shell is filled before the 5d shell since the
energy difference between the two states is slight. In general, the RE elements possess the
same electronic structure. The ready forms of trivalent ion are also listed in Table 2.1.
There is an inclination to maintain the half-filled and full-filled subshells due to their
unusual stabilities. Therefore, the divalent states in europium and ytterbium are much
more stable than the other RE elements, leading to differences between the properties of

the hydrides of two elements and those of the other RE hydrides.

The structural properties of the RE elements at ambient condition are presented in
Table 2.2 Crystal Structure of the RE Elements Table 2.2. Except for cerium, europium,
and ytterbium, all the RE metals possess hexagonal structure. The heavy RE metals Gd,
Th, Dy, Ho, Er, Tm and Lu, as well as Sc and Y, have the close-packed hexagonal
structure with a c/a ratio of around 1.58. Compared with the heavy RE metals, the light
RE metals lanthanum, praseodymium, neodymium, promethium show a hexagonal
structure with stacking sequence ABAC rather than ABAB of the close-packed hexagonal
structure. The light RE metals are indexed to possessing double close-packed hexagonal
(dhcp) with c/a ratio of ~3.22. Samarium is considered to possess a unique rhombohedral
structure (the space group R3m. a = 8.996, a= 23 °13') which can also be indexed in the

hexagonal system with c/a ratio of 7.25%".
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Table 2.2 Crystal Structure of the RE Elements

Element Atomic Crystal Structure ao co(A) Co/ag Ref
Sc 21 h.c.p. 3309 5273 159 *#
Y 39 h.c.p. 3.647 5731 157 38
La 57 h.c.p. 3772 12144 322 39

Ce (y) 5g f.c.c. 5.1610 - - 3
Ce (B) h.c.p 3681 11.857 322 ¥
Pr 59 h.c.p. 3672 11.835  3.22 38
Nd 60 h.c.p. 3658 11.799 323 X
Pm 61 h.c.p. 3650 11.650 319 #
Sm 62 rhom.(or h.c.p.)  3.621 26.250 7.25 3
Eu 63 b.c.c 4,581 - - 3
Gd 64 h.c.p. 3636 5783  1.59 38
Tb 65 h.c.p. 3601 5694 158 38
Dy 66 h.c.p. 3596 5642 157 %
Ho 67 h.c.p. 3577 5616 157 @ *®
Er 68 h.c.p. 3559 5587 157 38
Tm 69 h.c.p. 3538 5555  1.57 38
Yb 70 f.c.c. 5.486 - - 38
Lu 71 h.c.p 3503 5551  1.58 38

Cerium, unlike the other RE metals, has several allotropic forms. Although it is y-phase

(face-centered cubic, namely fcc) at room temperature ambient pressure, as it cooled

below 273K it transforms to B-phase (double close-packed hexagonal, namely dhcp) with

c/a ratio of 3.22*3, which is similar to the other light RE metals. It partially transforms to

o phase (collapsed fcc) upon further cooling to around 100K*. The crystal structures of

europium and ytterbium differ from those of the other RE metals resulting from their

unusual stable 4f " and 4f ** electronic structure as discussed above. Europium shows a

body-centered cubic (bcc) structure and ytterbium possesses a face-centered cubic

structure.
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2.1.2 The Rare-earth Metal Hydrides

The RE hydrides are discovered accidentally by Winkler* in 1891. Cerium metal
obtained through the reduction of ceric oxide in a hydrogen atmosphere was found
containing considerable amounts of hydrogen. Later, the absorption of appreciable
amounts of hydrogen by La, Pr, Nd, and Ce was observed by Matignon“®. In the next few
decades, Muthmann*’, Zhukov*®***°, Sieverts® 23 et al made their efforts in observation
of the uptake of hydrogen by light RE metals. The LaH; and CeHs; were reported to be
synthesized successfully. However, the similar property of RE metals made it very
difficult to separate from one another. Most of the earlier works were done on misch
metal, a mixture of the RE metal in varying amounts. The limited purities of the RE metal
samples employed in their experiments led to unreliable results on RE-hydrogen systems.
Therefore, the work published on supposedly pure RE metals should be examined

carefully.

All of the RE metals react directly with hydrogen and form RE dihydride®. Additionally,
by varying the temperature and hydrogen pressure most of the RE will form trihydrides if
the corresponding amount of hydrogen is reachable. Usually, the nonstoichiometric
hydrides with 2<<H/M<:3 are formed before the trihydrides formation. In principle, the
reaction will proceed at room temperature and low hydrogen pressure (< 1torr) if the
metal surface is clean enough®®®. Actually, all the reaction can occur at proper

temperatures (100-500°C) and hydrogen pressure (< latm ).

According to the crystal structures of the RE hydrides, the RE hydrides has been divided
into three groups by Libowitz®’. Both the dihydrides and trihydrides of the RE metals
belonging to the first group possess a face-centered cubic lattice. The light RE metal
hydrides, La, Ce, Pr, Nd, are assigned to the first group. The fluorite structure of
dihydrides is based on a face-centered cubic lattice with four metal atoms per unit cell

located at face-centered cubic positions (0 0 0), (0 1/2 1/2), (1/2 0 1/2), (0 1/2 1/2) and,

247109



Chapter 2

hydrogen located at the eight tetrahedral positions. The increase in hydrogen content
above MH; causes the lattice contraction. Contraction has been observed to start at a
composition of around MH;g, which indicates that some of the octahedral interstices
beginning to be occupied while some of the tetrahedral interstices are still empty. The
contraction is supposed to result from the bonding changing accompanied by the
occupancies of the octahedral interstices by the extra hydrogen above MH,. The
stoichiometric trihydrides of the light RE metals are obtained as all the octahedral
interstices are occupied by the hydrogen, exhibiting the BiF; type structure. The
second-group members also have a fluorite-type dihydride structure, while their
trihydrides show a hexagonal structure. The heavy RE elements, Gd, Tb, Dy, Ho, Er, Tm,
Lu together with Y, Sc belong to this group. The hexagonal structure starts to form when
the hydrogen content in hydrides above MH-,; even though the value may vary for
different RE metals. Earlier X-ray diffraction studies on the trihydrides have clarified the
trihydrides structure are on the basis of a simple hexagonal close-packed lattice®. The
hydrogen positions in the hexagonal trihydrides have been identified by the neutron
diffraction investigation of HoD3; by Mansmann and Wallace®® in 1964. In fact, ag
parameter in the actual structure is v/3 times that of the hcp cell determined by X-ray
study. The deuterium atoms are located at tetrahedral and octahedral interstices with
slight deviations from the ideal positions for offering enough space for the deuterium
atoms. The other RE trihydrides in this group are assumed to possess isostructure as
HoD; with slightly different structural parameters®. The third group contains only
europium and ytterbium hydrides, whose dihydrides exhibit an orthorhombic structure
resembling the alkaline earth hydrides. The trihydride of ytterbium is face-centered cubic
with BiF; structure. While the trihydride of europium failed to form although lots of
efforts have been made. The special properties of the two elements are attributed to the
unusual stability of the fully-occupied 4f state in the case of ytterbium and exactly

half-occupied 4f state in the case of europium. The crystal structures and metal lattice
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parameters of the RE dihydrides and trihydrides at ambient condition are listed in

Table 2.3.
Table 2.3 Crystal Structure of the RE Hydrides®
Element Dihydride Ref. Trihydride Ref.
Structure  Parameters(A) Structure Parameters(A)
Sc f.c.c. a=4.783 o1 f.c.c. a=3.380, c=6.135
Y f.c.c. a=5.205 %8 h.c.p. a=3.672,¢c=6.659  *®
La f.c.c. a=5.663 63 f.c.c. a=5.604 63
Ce f.c.c. a=5.580 64 f.c.c. a=5.539 61
Pr f.c.c. a=5.515 o4 f.c.c. a=5.486 o4
Nd f.c.c. a=5.469 64 f.c.c. a=5.42 64
Sm f.c.c. a=5.363 6 h.c.p. a=3.782,¢=6.799 8
Eu orthorho a=6.254, 6 -

mbic b=3.806,

c=7.212
Gd f.c.c. a=5.303 06 h.c.p. a=3.76,c=6.705
Tb f.c.c. a =5.246 %8 h.c.p. a=3.700, c=6.658  *°
Dy f.c.c. a=5.201 %8 h.c.p. a=3.671,¢c=6.615 *®
Ho f.c.c. a=5.165 %8 h.c.p. a=3.642,c=6.560  *®
Er f.c.c. a=5.123 %8 h.c.p. a=3.621,c=6.526  *®
Tm f.c.c. a=5.090 %8 h.c.p. a=3.599, c=6.489  *®
Yb orthorho a=5.889, % fc.c.(YbHaoss) a=5.178 62

mbic b= 3.576,
¢ =6.789 VbHzs0 - ”
Lu fc.c. a=5.033 %8 h.c.p a=3.558, c=6.443  *®

Since the first observation of the "switching™ of electrical and optical properties of REHx

during the process of hydrogen adsorption and desorption in yttrium (Y) and Lanthanum

(La)®, many efforts have been made to investigate the reversible electrical and optical

properties later on by physicians and chemists™. In their experiment, the thin films of

hydrides show the spectacular changes from light reflecting to transmitting with the

changes in hydrogen concentration

in the hydrides. This "switchable mirrors™

phenomenon caused by the reversible metal-insulator transition, is considered to have a
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promising application in the electronics industry. The possibility of the structural and
metal-to-insulator transitions induced by pressure was first reported by Russian
researchers on samarium and gadolinium trihydrides about forty years ago’*. This triggers
many experimentalists to study their properties under high pressure. Some research has

already been performed in that direction’*"*33.

The interest in the high-pressure behaviors of RE trihydrides was renewed after the
experimental observation of the hcp to fcc phase transition of ErHz under high pressure in
2004 ™. Later on in the period from 2005 to 2007, Palasyuk and Tkacz'®®’"78879.80
reported on the similar phase transitions from hexagonal to cubic in the series of lanthanide
hydrides (SmH3, GdH3, HoHs, LuH3) and YHs under high pressure using the energy
dispersive X-ray diffraction method in a DAC, and predicted the similar behaviors for
ThH3; and DyHs;. Recently X-ray, Raman and theoretical studies of terbium trihydrides
under pressure have been published’. The YHs is investigated by synchrotron X-ray

diffraction, Raman scattering and infrared spectroscopy by Kume et al®

. They reported
that YHj3 presented metal lattice change under high pressure from initial hcp to fcc phase
through an intermediate phase. In Palasyuk's report, the intermediate phase was not
observed due to the limited resolution of the EDXRD. While the phase transition under
high pressure of the heavy REH3 observed all are appeared to be sluggish. The pressure
gap between two phases is always fairly obvious. It is worth noting that the hcp-to-fcc
phase transition pressure of REH3; mentioned later in this thesis are the pressure when the
phase transition begins to occur, namely the transition pressure of initial
hcp-to-intermediate phase. The transition pressures of REH; reveal a quite well linear
dependence both on the atomic number of forming RE metals and on the molar volume
of initial hcp phase at ambient condition. ScH3; was studied by Raman scattering, infrared
spectroscopy, and visible absorption spectroscopy® under high pressure. It is worth

mentioning that the claimed phase transition pressure ~25 GPa contradicted the predicted

value 19 GPa based on the linear dependence of transition pressure on molar volume of
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initial hcp phase at ambient condition. However, there is no Raman spectrum collected
between 20 GPa and 25 GPa. We can roughly conclude the new phase starts to form
between 20 GPa and 25 GPa. To some degree, the predicted value of ~19 GPa was

thought to be reasonable even the X-ray diffraction measurement is expected.

Unlike most trihydrides of heavy RE displaying a change in the metal lattice from hcp to
fcc during compression at room temperature, the trinydrides of light RE (La, Ce, Pr, Nd,
Pm) remain the fcc metal lattice under pressure up to ~30 GPa. Since europium trihydride
does not exist and ytterbium trihydride possesses unknown structure even at ambient
condition, there is no information of their phase transition under pressure. Hence,

dysprosium trihydride is the last one in the line to wait for the investigation.

The value of transition pressure of DyH3 was predicted around 7 GPa as shown in Fig.
2.1 and Fig.2.2. based on the linear dependence of transition pressure both on forming RE
atomic number and the molar volume of initial hcp phase at ambient condition®. In order
to verify the prediction, the DyHs; was investigated carefully by synchrotron X-ray
diffraction in DAC under pressure in the range up to 40 GPa. Additionally, the Raman
scattering of both DyH3; and DyD3; were obtained for elaborative investigation of the

intermediate phase and isotope effect.
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Fig. 2.1 The transition pressures of RE trihydrides varies with the forming RE atomic
number. The experimental data for other REHs are cited from Palasyuk's publications®’.
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Fig. 2.2 The transition pressures of RE trihydrides varies with the molar volume
of the initial hcp phase at ambient conditions. The experimental data for other
REH; are cited from Palasyuk's publications®’.
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2.2 Study on DyH3 and DyD383

2.2.1 X-ray diffraction analysis of DyH3; under pressure

Samples of dysprosium trihydride were obtained from nominally 99.9% pure dysprosium

by direct absorption under the gaseous hydrogen and deuterium pressure of 15.0 MPa and

300 °C during four hours in a high-pressure Sievert apparatus as described earlier’®. The

purity and predicted structure of the samples used in high-pressure studies have been

confirmed by powder X-ray diffraction and elemental analysis.

(101)

T T T T T
= DvH Pressure

Intensity (arb.units)

10 15 20 25
20 (degrees)
A =0.4959A

Fig. 2.3 X-ray spectra of DyH; for the selected
pressures taken at room temperature.

30/109



Chapter 2

Synchrotron radiation and diamond anvil cell have been used for the high-pressure X-ray
diffraction structural study. The high-pressure X-ray diffraction studies were conducted at
Cornell High Energy Synchrotron Source (CHESS) with the X-ray wavelength of
0.04959 nm. Mao-Bell type DAC® with diamond anvils of a culet size 400 pm were used
for pressure generation. Samples were loaded into a 150 um hole in the stainless steel
gasket (TS302) pre-indented to a thickness of ~50 um, along with a small ruby chip at the
center of the sample. The pressures were then calculated using the ruby (R;) fluorescence
method. The pressure transmitting medium used in the experiment was silicone oil
(Sigma—Aldrich) of viscosity 1000 cP. The 2D diffraction patterns obtained were

integrated using Fit2D software®.

Fig. 2.3 shows the selected spectra of dysprosium trihydride under pressure taken in
diamond anvil cell. The initial spectrum taken at 0.6 GPa (black) is indexed as hexagonal
phase and the highest spectrum indexed as cubic phase (red) was taken at pressure over
31 GPa. Spectra (blue) taken in the intermediate region between 5.7 and 17.8 GPa
represent complex structure. Small peaks visible in the spectrum were identified as the

admixture of Dy,0O3 that apparently appeared during the loading procedure.

The molar volume of dysprosium trihydride determined from X-ray analysis for both
hexagonal and cubic phase was used for determination of the corresponding equation of

state. Similar as in the other trihydrides previously studied”®’# 798182

, dysprosium
trihydride undergoes a structural phase transition from the initial hexagonal to a cubic
structure. We estimated from the XRD patterns taken during pressure increase that at the
pressure of about 7 GPa transformation starts and reflections from the initial hexagonal
phase gradually disappear while the peaks corresponding to cubic phase are growing in
intensity. The transition is completed at the pressure above 17 GPa. As the pressure
decreased a large hysteresis was noticed and a significant amount of the cubic phase was

observed after releasing the pressure to ambient conditions. Analyzing the X-ray spectra

taken on dysprosium trihydride and previously obtained for another RE trihydrides we

31/109



Chapter 2

have noticed that the cubic phase is to some extent distorted. This will be discussed in the

next section devoted to Raman scattering measurements.

24.0 T T T T T T
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—_ B,=82GPa
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T} V_.=232cm’
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Fig. 2.4. Volumes of both phases of dysprosium trihydride as
function of pressure together with the fit to Murnaghan equation
of state. Solid lines correspond to region of experimental fit to
the equation of states. Doted lines indicate the extrapolation of
equation of states.

Compressibility parameters are evaluated by fitting the Murnaghan equation of state (1.23)

shown below:
P(V) = - [(VV—O)B - 1] (1.23)

where B denotes bulk modulus, B, represents the first derivative of B against pressure,
Vo and V signify initial and current volume respectively. The molar volumes as a function

of pressure for both phases are presented in Fig. 2.4.
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Table 2.4 Structural parameters and parameters of Equation of State (EOS) of the
dysprosium metal and nearest neighbors in periodic table along with their trihydrides.

Lattice Mola hcp-.f(':c
parameters at transition
Sample \Volu parameters References
amb. pressure 3 pressure
a(d) cd) mol “cra) B (GPa) B
Tb hcp 3.61  5.69 19.24 40 3.2 Ref. %
TbH; hcp 3.69  6.65 239  55(9.3)* 81 4.0 Ref. 7
fcc  5.33 22.9 96 4.0
Dy hcp 359 564 19.97 41 3,2 Ref. 8
DyH; hcp 3.66 6.64 232 7.0(10.)% 82 5.1 .

e fccp 5.23 21.4 ae) 119 19  niswork
Ho hcp 3577 5.61 18.7 42 2.9 Ref. %
HoH; hcp 3.64  6.69 227 7.8(12)* 87 4 Ref. 75

fcc 5.25 21.8 90 fixed '
Er hcp 355 5.58 18.4 44 2.9 Ref. %
ErH; hcp 3.62 653 22.3 70 4 -

fcc 523 215 0214 81 fixed O

% 87

The structural parameters of the dysprosium metal and its nearest neighbors in the periodic

table along with their trihydrides are listed in Table 2.4. Theoretical transition pressures

calculated by Bo et a

,
|8

significantly exceed that from experimental results, which is

supposedly caused by their calculations correspond to 0 Kelvin temperature as always in

this type of theoretical approaches rather than room temperature at which the experiments

are done. Our experimental results from both Raman and X-ray measurements show a

value less than that namely about 7.0 GPa for both hydride and deuteride.
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Fig. 2.5 Raman spectra of the sample DyH3 and DyD3. The top
panel shows Raman spectra of DyD3 at ambient condition and
3.3 GPa, respectively. The bottom panel shows Raman spectra of
DyHj3 at ambient condition and 3.2 GPa, respectively. O (Oy)
indicates that H at the octahedron sites vibrates vertically

(horizontally) to the c plane, and the T, (Ty) indicates that H at the
tetrahedron sites vibrate vertically (horizontally) to the c plane.

2.2.2 Raman scattering of DyH; and DyD; under pressure

347109

Raman spectra were collected in backscattered geometry using custom designed setup for
micro-Raman measurements based on monochromator Jobin Yvon THR1000 equipped
with a single grating (with 1200 grooves mm™) giving a resolution of ~1 cm™, notch filters
(Keiser Optical Systems) and thermoelectrically cooled (-65 °C) (Peltier effect) CCD
(Horiba Synapse) detection. He-Ne laser (Melles-Griot) line 632.8 nm was used for sample

excitation. An example of Raman spectra of both DyH3 and DyD3 recorded at ambient and
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under high pressure are presented in Fig. 2.5. As always strong Raman signal of diamond
at 1331 cm™ limits the region of data collection. Data at ambient pressure were recorded
outside of DAC. The modes including acoustic and optical ones have been detected at

ambient pressure for both hydride and deuteride samples as presented in Fig. 2.5.

The three peaks labeled 1-3 located lower than 250 cm™ have been assigned to metal
dysprosium vibrations, resulting from the same locations in both the DyH3; and DyDs. The
lines above 400 cm™ were assigned to hydrogen-related vibrations, arising from the
isotope shift by approximately +/2 when the hydrogen is replaced by deuterium.
Additionally, the H-related modes were assigned by following the assignments for phonon

density of state (PDOS) peaks measured by neutron inelastic scattering®.

Evolutions of Raman spectra as a function of pressure for both acoustic and optical modes
are presented in Fig. 2.6 and Fig. 2.7 for the trihydride and trideuteride of dysprosium,
respectively. The appearance of the spectra dramatically changes as the pressure higher
than 7 GPa, which indicates the initiation of the phase transition. At the pressure of
~25 GPa, the absences of the strongest Raman modes around 850 cm™ for DyHs; and

600 cm™ for DyDs imply the completion of the hcp-to-fcc phase transition.
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Fig. 2.6 Raman spectra of DyH3 during compression. (a) and (b) shows the low frequency

region (0-280 cm™) and whole of spectra (0-1250 cm™), respectively.
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Fig. 2.7 Raman spectra of DyD3 during compression. (a) and (b) shows the low frequency
region (0-280 cm™) and whole of spectra (0-1250 cm™), respectively.

General overall pictures of the pressure dependence of Raman modes for the dysprosium

hydride and deuteride are quite similar to those of yttrium hydride and deuteride. It is not a

surprise as both systems have the same crystal structure and they are only different in

lattice parameters and energy gap. The same scheme of evolution of structural changes is

observed for both hydride and deuteride with only difference in pressure values of the

corresponding regions of coexistence of certain phases. Structural changes manifested by

disappearance and formation of new modes were used for the constructing diagram of the
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pressure induced phase transformation. These diagrams are presented in Fig. 2.8 (a) and

(b)
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Fig. 2.8 Pressure dependence of Raman frequencies of (a) DyHs and (b) DyD3 during
compression. For hexagonal phase, the Griineisen parameters of different modes are
labeled in the figure. Oy (Oy) indicates that H at the octahedron sites vibrates vertically
(horizontally) to the ¢ plane, and the T, (Ty) indicates that H at the tetrahedron sites vibrate
vertically (horizontally) to the c plane.

Although the factor group analysis predicts for the fcc phase only one mode we observed
for both compounds under investigation evolution of three modes up to the highest
pressure reached. It was postulated® that the local structure distortion can allow the mode
being observed even though the mode is forbidden by the symmetry of the average crystal

structure.

Substitution of hydrogen by deuterium is a common method to determine whether
particular modes are connected with the hydrogen vibrations since such a replacement
shifts peak position by a factor which is proportional to the square root of reduced mass.
These modes are definitely related to the vibrations of hydrogen species in dysprosium
lattice as all of them display characteristic isotope effect besides deviation from the

harmonic value of V2.
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From our X-ray diffraction studies performed on almost all RE trihydrides, distortion of
the fcc phase seems to be evident. For the ideal fcc, phase one can expect the value of
distance dj11/d2go to be around 0.866. Instead, the value of 0.89 remains constant in the
whole fcc stability region. Moreover, quite reliable measurements by Boroch® for LaH
(also similar fcc structure), have shown that powder diffraction pattern contains many
more lines than it is expected for the cubic structure, in fact, nine extra lines (in addition to
the cubic ones) were observed. If we assume that there is another phase then additional
questions arise about the phase diagram of the system as the hydrogen-rich phase diagram
cannot end with the two-phase region. It is possible that this second phase is a
crystallographic modification of the known cubic phase, and it is stable under specific p, T

conditions.

A Mode Griineisen parameters

Determination of the mode Grlineissen parameter provides a qualitative measure of
anharmonicity in certain crystals and is crucial to a detailed understanding of different

physical properties and character of interatomic forces.

Mode Grineisen parameter is defined at constant T as

B, <a>
i =\ 35
V; dP T

where B — describes bulk modulus, v; - Raman frequencis of i, mode and P stands for
pressure.

Assuming the same bulk modulus for the dysprosium deuteride as for hydride makes it
possible to compare mode Gruneissen parameters for both compounds.

As can be seen in Fig. 2.8 (a) and (b), mode Griineisen parameters for the modes related to
the tetrahedral occupations are bigger than that for the octahedral sites for both hydride and

deuteride samples. This could indicate that the interactions of the species located in the
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tetrahedral sites to the bigger extent alternate harmonicity of corresponding modes as

compared to octahedral occupations.

B Isotope effect

Fig. 2.5 shows the isotope shift of the vibrational energies for dysprosium hydride and
deuteride at low pressure. The ratio between the energies of H and D vibrational peaks for
the initial samples at normal pressure and at the region of stability of hexagonal phase is
almost equal harmonic value i.e. around 1.41 for the all peaks including acoustic ones. It
could indicate a rather small anharmonicity in the hydrogen potential independent on the
symmetry of occupancy site in the hexagonal phase. However, the significant deviation
from harmonic value is observed for the high-pressure cubic phase. This ratio reaches a
value of about 1.35 which can indicate significant changes of anharmonicity of hydrogen

potentials after structural rearrangements due to phase transformation.

Table 2.5 presents the ratios of the hydrogen over deuterium modes in hexagonal and
cubic phases of both compounds. Similar deviation (1.35) from harmonic value has been
detected for cerium dihydride®.

Table 2.5 Isotope effect in both the low-pressure hcp phase and high-pressure fcc phase

hcp phase fcc phase
'Raman Amb. 6.4 GPa 2Raman 29.2 GPa  40.0 GPa
466 1.40 1.35 770 1.33 1.35
589 1.40 1.39 928 1.35 1.34
(@O0 775 140  1.41
' ’ 985 1.34 1.36
967 1.39 1.41

1 The Raman modes are obtained at ambient pressure for hcp phase,

2 The Raman modes are collected at 29.2 GPa for fcc phase
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2.3 Raman Investigation of LaH; and LaD;°1

Three weak and broad modes at the highest pressure reached for the high-pressure fcc
phase of DyH3; and DyD3; were observed. This contracts with the factor group analysis
prediction. DyH3; and DyD3, like the other heavy RE trihydrides, possess an fcc phase at
high pressure. The high-pressure fcc phase for heavy RE trihydrides is supposed as the
same as the low-pressure fcc phase for light RE trihydrides. Thus, the Raman scattering
of light RE trihydrides at low pressure is suggested to be a solution to test whether the
three weak and board modes actually originating from the fcc phase. In this work,

lanthanum trihydride as the typical light RE trihydride is chosen for Raman investigation.

2.3.1 Sample and synthesis

Samples of trihydrides and lanthanum deuteride, gadolinium and erbium trhydides were
obtained from nominally 99.9% pure metals by direct absorption under the gaseous
hydrogen and deuterium pressure of 15.0 MPa and 300 C during four hours in a
high-pressure Sieverts apparatus as described earlier’. The purity and predicted structure
of the samples used for high-pressure studies have been confirmed by powder X-ray

diffraction and elemental analysis before loading in DAC.
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Fig. 2.9 XRD pattern of the initial LaH3 sample (black), its Rietveld fit (red) and fit residue
(blue). Ambient conditions, CuKa radiation.

Initial sample has been analyzed using X-ray diffraction method while composition has
been determined by weighting sample of about 1.5 g before and after charging it with
hydrogen. Value of 3.00+0.03 in atomic ratio H/La has been obtained. X-ray diffractogram
of lanthanum trihydride is shown in Fig. 2.9. Similar pattern was obtained for lanthanum
deuteride. According to Klavins et al.” lattice parameter determined in our measurements

as equal 5.619 A corresponds to stoichiometric trihydride of lanthanum.

Measurements of lanthanum trihydride were done in paraffin oil which served both as a
pressure medium and protection against oxidation. Lanthanum trihydride is most

sensitive to oxygen and moisture among the RE trihydrides family.

2.3.2 Raman studies of LaH; and LaD; at ambient pressure

The modes including acoustic and optical ones have been detected at ambient pressure
for hydride and deuteride samples and are presented in Fig. 2.10. Whether or not these
additional modes are hydrogen related we performed substitution of hydrogen by

deuterium. Such a replacement should result in the shift of corresponding modes by
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quasi-harmonic factor of /2. All modes were identified as being hydrogen related as

isotope effect shows value of 1.41 for optical part of spectrum as presented in Table 2.6.

Modes coming from possible surface contamination presumably by oxide layer should

not display isotope effect. Data at ambient pressure were recorded outside of DAC.
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Fig. 2.10 Raman Spectra of LaH; and LaD3 at ambient condition.

Table 2.6 Isotope effect of LaH3 and LaD3 at ambient condition.

O aH3 O®LaD3 OLaHs/®LaD3
Lattice 183.2 182.0 1.00623
modes 111.5 111.3 1.0018

150.1 150.4 1.00155
H modes 704.7 500.6 1.41
1128.8 800 1.41

Fig. 2.10 shows the spectra of LaH3; and LaD3 recorded at ambient condition. The modes
below 250 cm™ were caused by the metal lattice vibrations due to the same locations in
both hydride and deuteride. Specifically, the Raman modes which are labeled as 1 and 2

were attested to possessing the isotope shift by approximately v2. Since the Raman
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modes above 250 cm™ of LaHs presents the similar shape to that of LaD3 and two modes
possess the isotope shifts, the lines above 250 cm™ were confirmed to originate from
hydrogen related vibrations. It is worth noting that the BiFs- type structure ought to
possess only one active Raman mode predicted by the factor group analysis. In the cases
of LaH3 and LaD3, many peaks are shown in the Raman spectra even though the peaks

are considerably broadened due to the combination of several modes.
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2.3.3 Raman studies of LaH; and LaD; at high pressure

LaH Pressure

Intensity (arb. units)

0 125 250 375 500 625 750 875 100011251250
. -1
Raman Shift (cm™)

Pressure
LaDs (GPa)

Intensity (arb. units)

0 250 5(I)0 75'30 lOIOO 1250
Raman Shift (cm™)

Fig. 2.11 Raman Spectra of (a) LaH3 and (b) LaD3 at selected pressure during compression
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Fig. 2.12 Pressure dependence of Raman frequencies of LaH3 during compression.

Raman spectra of both LaH; and LaD; recorded under high pressure are presented in
Fig. 2.11. As always strong Raman signal of diamond at 1331 cm™ limits the region of
data collection. Phase transition connected with the hydrogen ordering similar to the low
temperature phase transition reported in® is observed at pressure range from 6 to 11 GPa.
This is clearly seen in Raman spectra evolution and from the shift of selected Raman
modes as function of pressure as presented in Fig. 2.11 and Fig. 2.12, respectively. It
should be pointed out that the earlier high-pressure X-ray study on stoichiometric
lanthanum trihydride® performed up to 25 GPa did not revealed any structural phase
transition. Since the composition of both compounds have been determined as very close to
stoichiometry the known tetragonal distortion notice at low temperature and high pressure
should also be excluded as this transformation is restricted to the hydrogen concentration
range from 2.65 to 2.90 in atomic ratio®. So the observed transition must originate from
the hydrogen particles ordering rather than from the lattice rearrangement. High pressure
Raman measurements on lanthanum trihydride and deuteride have shown pressure induced
phase transition at pressure range from 6 to 11 GPa. This transition can be compared to the

similar phase transition observed in low temperature region by heat capacity, neutron and
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X-ray diffraction measurements performed on stoichiometric lanthanum trihydride and
trideuteride. We suggest that this transition could be similar to that observed in the heat
capacity measurements at low temperature *. The superstructure lines in the neutron
diffraction pattern and X-ray measurements of stoichiometric LaD3; has been reported
also by Udovic et al. *®, " for stoichiometric lanthanum trideuteride at temperature about
260 K. These results suggest the appearance of a low temperature phase transformation
presumably of the second type of order which was interpreted as due to an ordering of the
D atoms on off-centre positions in the octahedral interstices of the metal atom network. It
was also postulating that a long-range-ordered pattern of displacements of the La metal
atoms from the ideal fcc symmetry was occurring in addition to long-range-ordered

displacements within the D sublattices.
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Chapter 3. Transition Metal Hydrides

3.1 Literature Review

3.1.1 Transition Metals

TMs are defined as a set of elements whose atom has a partially filled d sub-shell, or
which can give rise to cations with an incompleted sub-shell by the IUPAC®. In general,

%1% are included in TMs. In actual

elements from groups 3 to 12 on the periodic table
practice, the f-block lanthanide and actinide series are also considered as TMs and are
called "inner transition metals”. In this thesis, the lanthanide together with scandium and

yttrium is defined as RE metals and has been described in Chapter 2 in detail.

Group> 4 5 6 7 8 9 10

| Period
22 23 24 25 26 27 28
Ti \ Cr Mn Fe Co Ni
4 hcp bcc bcc bcc bcc hcp fcc

40 41 42 43 44 45 46
5 Zr Nb Mo Tc Ru Rh Pd

hep bce bce hcp hcp fcc fcc
72 73 74 75 76 77 78
6 Hf Ta w Re Os Ir Pt
hep bce bce hcp bce fcc fec

Fig. 3.1 Scheme of the crystal structures of TMs at ambient
conditions

The crystal structure of TMs from Group 4 to 10 are listed as the same positions in the
periodic table in Fig. 3.1. The crystal structure together with lattice parameters of TMs
from Group 4 and 5 are listed in details in Table 3.1. The Ti, Zr and Hf elements from

Group 4 possess close-packed hexagonal structure at ambient conditions. The V, Nb and
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Ta elements exhibit body-centered cubic structure. The structural information of TMs
from Group 6 to 10 are presented in Table 3.2. As seen in Table 3.1 and Table 3.2, the
TMs possess three kinds of structure, namely hcp, bcc, fcc. The c/a ratios of hcp
structural TMs are located in the range of 1.58-1.62, which are close to the value of 1.58
for most heavy RE metals.

Table 3.1 Crystal structures of TMs from Group 4 and 5 at ambient condition

Element Atomic Crystal Structure  ag(A)  co(A)  cofag  Ref

Ti 22 h.c.p. 2.9508 4.6855 1.59 ™
Zr 40 h.c.p. 3232 5147 159 1%
Hf 72 h.c.p. 3.1964 50511 158 1
V 23 b.c.c. 3.03 104
Nb 41 b.c.c. 3.3004 105
Ta 73 b.c.c. 3.3013 106

Table 3.2 Crystal structures of TMs from Group 6 and 10 at ambient condition

Element Atomic Crystal Structure  ag(A)  co(A)  cofag  Ref

Cr 24 b.c.c. 2.91 107
Mo 42 b.c.c. 3.147 107
W 74 b.c.c. 3.1652 106
Mn 25 b.c.c. 8.9125 108
Tc 43 h.c.p. 2735 4388 160 1®
Re 75 h.c.p. 2761 4456 161 M
Fe 26 b.c.c. 2.8665 i
Ru 44 h.c.p. 2.7059 42815 158 2
Os 76 b.c.c. 2.7344 43173 158 2
Co 27 h.c.p. 25071 4.0695 1.62 B
Rh 45 f.c.c. 3.8034 1
Ir 77 f.c.c. 3.839 1
Ni 28 f.c.c. 3.524 s
Pd 46 f.c.c. 3.8907 116
Pt 78 f.c.c. 3.9242 106

49/109



Chapter 3

3.1.2 Transition Metal Hydrides

Since Thomas Graham found the absorption of large amounts of hydrogen by palladium
in 1866, the TM hydrides have drawn the attention of physicists and material scientists
for many years. While there still quite numbers of TMs remained incapable to form any
hydrides resulting from extremely low solubility of hydrogen in these metals at ambient
pressure. The development of high-pressure technique provides an efficient method of
producing new hydrides since the dramatic increase in the chemical potential of hydrogen
gas by compressing it within DAC. The chemical potential pressure dependence'*® is
illustrated in Fig. 3.2.. The chemical potential of hydrogen gas increase distinctly at room
temperature since the pressure reaches in the order of gigapascal. Particularly, the sharp
increase in the chemical potential of hydrogen is clearly seen when the pressure is as high

as several tens GPa.
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Fig. 3.2 Chemical potential of hydrogen varies with its pressure
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However, many experimental difficulties need to be overcome to obtain high-pressure
gases even the inert gases. The upper limit of pressure for inert gases reachable with the
available technique by the 1960s does not exceed 2-3 GPa. In order to get high-pressure
hydrogen gas, more factors are necessary to be considered, such as its high
compressibility, low viscosity, and chemical corrosiveness increasing greatly with
temperature and pressure. By the middle of the 1960s, Polish scientists*!®,*? designed a
beryllium bronze high pressure chamber to contain compressed hydrogen gas by the
conventional compressor. This avoided the direct contact of hydrogen with steel chamber
walls, allowing compressing hydrogen to 2.5-3 GPa at ambient temperature and to
1.5 GPa with the temperature below 450 °C. The "Piston-cylinder" type cell in
high-pressure gas technique made it success to synthesis CrH; 9, MnHg g and NiH; o5,
By the middles of the 1970s, the remained twelve promising TMs from group 4 to 10 in
the periodic table are Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir, and Pt*?%. In fact, the
solubility of hydrogen in these metals usually with the H/M atomic ratio less than 107 to
107, which comparable to the number of various defects in these metals. The Russian
scientists'®! from the Institute of Solid State Physics of the USSR Academy of Sciences
developed the high-pressure gas technique with their toroidal chambers, promoting the
gas-pressure up to 9 GPa. This allowed the successful synthesis of a series of novel TM
hydrides, such as MnHggs, FeHos, CoH1o, MOH13, TcHogs, RuHgo3, RhH1o, PdH1p,

REHolzz.
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Fig. 3.3 Binary hydrides formed by various elements in periodic table (a) before and
(b) after introduction of DAC.

Recently, the introduction of DAC made it possible to boost compressed hydrogen up to
several tens of GPa in most high-pressure labs, even to hundreds GPa in some labs. In
this pressure region, the chemical potential of hydrogen gas increase dramatically as
shown in Fig. 3.2. The binary hydrides formed by the TMs before and after the
introduction of DAC are exhibited in Fig. 3.3 (a) and (b), respectively. The formations of
new hydrides, such as monohydrides WH;5'%?, ReHogs™, PtH', and RuH™, and
polyhydrides RhH,'?*, IrH3'?°, FeH3'?® and NbHj, are realized by the introduction of

DAC. Osmium is the only one left which cannot form any hydrides.
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Table 3.3 Crystal structure of hydrides formed by TMs from group 4 and 5 at ambient

condition
Ti h.c.p. TiH, f.ec.c 3
ar h.c.p. ZtH, fec. 13
Hi h.c.p. HfH; f.c.c. 13
\4 b.c.c. V,H b.c.c. 127
VaHs b.c.c. 127
VH b.c.c. 127
VH; f.c.c. 127
Nb b.c.c. Nb,H b.C.C. 127
NbH b.c.c. 3
NbH; f.c.c. 127
NbH; b.c.c. 128
Ta b.c.c. Ta,H b.ct. 127 129
TaHos b.c.c 1
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Table 3.4 Crystal structure of hydrides formed by TMs from group 6 and 10 at ambient

condition
Element Metal Hydrides Metal sublattice in Ref
Cr b.c.c CrH f.c.c. or h.c.p. 13
Mo b.c.c. MoH h.c.p. 13
W b.c.c. WH 3 h.c.p. 130 122
Mn b.c.c. MnH f.c.c. or h.c.p. 13
Tc h.c.p. TcH h.c.p. 13
Re h.c.p. ReHg ss h.c.p. 13
Fe b.c.c. FeH f.c.c. or h.c.p. 13
FeH, Tetragonal 126
FeH; simple cubic 126
Ru h.c.p. RuH f.c.c. 131
Os b.c.c -- --
Co h.c.p. CoH f.c.c. or h.c.p. 13
Rh f.c.c. RhH f.c.c. 13
RhH, f.c.c. 124
Ir f.c.c. IrH; Simple cubic 125
Ni f.c.c. NiH f.c.c. 132
Pd f.c.c. PdH f.c.c. 13
Pt f.c.c. PtH hexagonal 123

The crystal structures of TM hydrides are listed in Table 3.3 and Table 3.4. It is worth

mentioning that most of the monohydrides formed by the metals from Group 6 to 10 are

based on one of the close-packed structure of metal atoms, namely either hcp

(close-packed hexagonal) or fcc (face-centered cubic). Particularly, monohydride of

platinum was shown as two phases, PtH-1 and PtH-II. Both phases are determined based

on the hexagonal metal lattice. In addition, the metal lattice of PtH-1I is close-packed

hexagonal structure. Therefore, the monohydrides formed by TMs from Group 6 to 10 all

possess close-packed structure. Moreover, the dihydrides successfully synthesized by

TMs from group 4-10 together with RE metals all have the face-centered cubic metal
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lattice with the exception of FeH,, which is based on the tetragonal metal lattice. Up to
now, only elements Fe, Nb and Ir from TMs formed trihydrides under high-pressure
hydrogen gas. Unlike most of RE metal trihydrides possessing close-packed metal lattice,
NbH; is found based on distorted bcc metal lattice and both FeHs; and IrH; are

determined with simple cubic metal lattice.

Since recently, most of TMs in groups VI-X are investigated under high-pressure
hydrogen gas in DAC with pressure up to several tens of gigapascal. Among them, only
Fe, Rh and Ir stoichiometric hydrides with H/Me > 1. The question is open if any other
TMs can form polyhydrides with the introduction of the high-pressure technique of DAC.
In consideration of the upper limit (~40 GPa) of DAC employed in our lab, our colleague
firstly studied the nearest neighbors of Rh element in the periodic table due to its
relatively lower formation pressure (8GPa) of dihydride, namely Co'*?, Pd**, and Ru**.
The high-pressure energy dispersive X-ray diffraction patterns of system Co-H, and
Pd-H, were collected up to pressure ~20GPa, without observation of new hydride expect
monohydrides. The monohydride RuH was obtained as Ru-H; system were compressed
at a pressure of 14GPa. While further increase the pressure up to ~30 GPa, no dihydride

was formed.

Mo and Ta were chosen to investigate in DAC under high-pressure hydrogen gas in our
study since their neighbors formed dihydrides at room temperature and hydrogen
pressure even less than 10 GPa. The details for Mo-H; and Ta-H, system are presented

in section 3.2 and section 3.3, respectively.

3.2 Molybdenum Hydrogen System135

Prior to our study, the molybdenum hydrogen system has been thoroughly studied in the
range of P< 6 GPa and T < 800°C 33 At lower pressure, the hydrogen was dissolved

into the bcc metal lattice with the solubility of H/Mo less than 0.07. With further pressure
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137 was formed. In this

increase, an hcp hydride with the composition of H/Mo0=1.10(3)
hydride, hydrogen atoms were confirmed to locate in the octahedral interstitials in the hcp
hydride forming NiAs-type structure. For additional over-stoichiometric hydrogen atoms
in the crystal structure, it is reasonable to assume that they partially occupied the
tetrahedral interstitials. Recently, the theorist'*® has investigated the crystal structures and
stabilities of the polyhydrides formed by molybdenum using the first-principles
calculation. Their calculation results show that MoH should be stable with the hydrogen
pressure range up to 9 GPa and MoH, should be stable above 9 GPa. What's more, the
crystal structures of MoH, were predicted to possess the same hcp metal lattice as that of
MoH. The difference was found only in the nonzero fraction of tetrahedral interstitials
occupied by hydrogen. In this study, our efforts are made to check whether the dihydride

of molybdenum forms under high-pressure hydrogen gas up to ~30GPa at room

temperature.

3.2.1 Experimental Section

DAC with flat culets of ~ 400 um in diameter was employed in this experiment. Gasket
made by rhenium was pre-indented under pressure up to~12 GPa. A hole 200 pum in
diameter was drilled by laser and served as the sample chamber. Ruby was chosen as a

pressure scale for quasi-hydrostatic condition™*®

. In the experiment, the molybdenum
powder of 99.96% purity was pressed to about 10 um thickness. Hydrogen was loaded
into the gasket hole at room temperature by the technique described elsewhere™*®. The
initial pressure of the system was about 0.3 GPa. The excessive hydrogen was necessary
since hydrogen served both as a reagent and as a PTM. The presence of hydrogen in the
cell was monitored both visually and by Raman spectroscopy. The compression force
was increased in steps by a lever mechanism after initial clamping of hydrogen in a DAC
The pressure was measured before and after each X-ray diffraction measurement because

of a pressure drift caused by gasket relaxation and hydrogen consumption by both the
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sample and gasket. And the difference between these values was typically around 1 GPa
at pressures above 10 GPa. The pressures labeled in the figure are the pressures measured

after the X-ray measurements.

X-ray powder diffraction patterns were measured by the energy-dispersive method with a
polychromatic radiation from a conventional tungsten target tube and a 100 pm
homemade collimator. X-ray technique is described in more details elsewhere*. The
cathode voltage of the tube was -40 kV, and the tube current was 20 mA. The scattering
angle was calibrated using the diffraction pattern of hydrogen-free molybdenum and
assuming its lattice parameter to be a=3.145 A. Two runs were performed: run 1 for
reaching maximal pressure and run 2 to better study the decomposition process. For both
runs 20 value was 21.5(1)°, corresponding to E*d=33.2 keV*A. The energy scale was
calibrated independently before and after each pattern was taken by measuring the
positions of the CuKa and InKo X-ray fluorescence lines from separate standards,
assuming linear dependence between the channel number of the multichannel analyzer
and the photon energy. Additional control of energy calibration was provided by using
MoKa and MoK fluorescence lines always present in the spectra as an internal standard.
Accumulation time was different for each pattern, typically in the range from 2x10%-10° s.

All experiments were conducted at room temperature.
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3.2.2 EDXRD patterns
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Fig. 3.4 (color online). EDXRD patterns of Mo in a hydrogen atmosphere, taken during
pressure increase in run 1. The thin black lines show pressure evolution of the (101) and
(112) peaks of molybdenum hydride

As shown in Fig. 3.4, EDXRD patterns transferring from the bcc to the hcp metal lattice
was first observed at a pressure of Pyc.—.nep=4.2(1) GPa, which is corresponding to the
hydride formation. This is in agreement with the previous report in Ref.**?. In the pressure
range of 6 tol5 GPa, the diffraction peaks abnormally shifted with pressure to higher d
values (see thin black lines in Fig. 3.4), suggesting a continuous increase in the H/Mo
composition of the formed hydride. The peaks shifted as usual at higher pressures. No
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two-phase mixtures were detected in any pattern, indicating a consequence of relatively
fast kinetics. The decomposition of the hydride corresponding to the phase transformation
in the metal lattice from hcp to bcc was observed around 1.0(1) GPa in the
decompression measurements (see in Fig. 3.5). This implied that the phase transition

during compression was reversible.
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Fig. 3.5 (Color online). Energy-dispersive powder diffraction patterns of Mo in
a hydrogen atmosphere, taken during pressure decrease in run 2.
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3.2.3 Volume-pressure dependence
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Fig. 3.6 (Color online). Lattice volumes per metal atom varied with the hydrogen gas
pressure.

Atomic volumes, calculated from the EDXRD patterns are plotted in Fig. 3.6 as a
function of hydrogen pressure. The diffraction peaks of the (100), (002), (101), (110),
(200), (112) and (201) of hcp-MoHy were used to calculate its volume at various pressure.
The solid and open triangles denote compression and decompression data respectively in
Fig. 3.6 The dashed line below is an equation of state for molybdenum in a neon

atmosphere®®?

. The arrows show formation and decomposition pressures for MoHy, and the
solid black lines are guides for the eye. The dashed line is a fit of the VV(P) data at P>15 GPa

(see the corresponding equation of state parameters in Table 3.5).

Volume-pressure dependence for bcc Mo at hydrogen pressure below 4.3 GPa does not
differ from that for Mo in a neon atmosphere within data uncertainties. Volume
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discontinuity at 4.3 GPa is AVyee—nep=2.2(2) A® per Mo atom, which agrees with previous
estimates 2.1 A® per Mo atom™® and 2.08(2) A®> per Mo atom for a hydride with
MoH; 103 composition™’. It is worth note that the H/Mo content in the pressure range of
6-15 GPa increases continuously with pressure. This similar behavior was also observed
in the metal-hydrogen systems with the hcp structure of primary hydrogen solution, such as
Co-H,™3, Ru-H,™!, Te-H,', W-H,™ and Re-H,'** systems. The normal compression
behavior was shown with pressure above 15 GPa and the V(P) dependence for MoHx can

be fit by the third-order Birch-Murnaghan equation of state as shown below
3B Vol Vo2 3.5 Vos 2
P(V) = 2D - G {1+2 (B - H[EY? - 11} (1.26)

where bulk modulus pressure derivative is fixed as Bj =4, namely, the second-order

Birch-Murnaghan equation
7 E)
_ 3B [(Yo)3 _ (Yo)3
P(V) = 2 (v) (v) l (1.27)

Vo and B are volume at 0 GPa and bulk modulus, respectively. The fitting results are listed
in Table 3.5. V, for pure Mo is obtained from our experiments, and B for Mo in a neon
atmosphere is taken from the literature'®. As seen in Table 3.5, the bulk modulus of
MoHXx is comparable to that of pure molybdenum, typical for the hydrides with a fixed
composition™®. Thus, the hydrogen composition H/Mo of the hydride saturates at ~15 GPa
and can be considered constant at higher pressures.

Table 3.5 Comparison of the equation of state parameters for Mo and saturated MoHy

Substance Vo, A3 per Mo atom B, GPa
Bcc Mo 15.55 273
hcp MoHx above 15 GPa 18.5 340
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3.2.4 Evaluation of the composition of saturation molybdenum

hydride

We estimated the composition of saturation molybdenum hydride by volumetric
considerations. Since the volume expansion per Mo atom is measured directly by X-ray
diffraction, a composition H/Mo of the saturated molybdenum hydride can be estimated
by comparing volume expansion per Mo atom with the expected volume expansion
caused by each H atom. In a close-packed lattice of TM atoms, each hydrogen atom
located in an octahedral interstitial site expands the lattice by about 2.0-2.5 A® per H
atom, whereas in a tetrahedral site the volume expansion is 2.2-3.2 A® caused by per H

atom (see Ref.™ for particular values for different metals). More accurate estimation can
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be made relying on the recent experimental™" and theoretical =" works.
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Fig. 3.7 (Color online). Volume expansion of molybdenum hydrides, caused by hydrogen.
The results of ab-initio calculations™® are shown by the black filled circles, the
experimental results of Ref. **” are shown by the red squares, and the green open circle is
present data.

The volume difference V(MoH110)-V(M0)=2.08(2) A®> per Mo atom was accurately

determined in Ref ¥’

and the corresponding volumes are shown by the red squares in
Fig.3.7.  Theoretical  calculations™®  results show the volume change
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V(MoH)-V(Mo)=1.9 A% per Mo atom in monohydride and V(MoH,)-V(Mo)=5.2 A® per
Mo atom for a hypothetical MoH, compound at 0 GPa. In this calculation, the hydrogen
atoms are supposed occupied all octahedral and half of the tetrahedral interstitials in the
hcp metal lattice of the hypothetical dihydride. Therefore, the occupation of the
tetrahedral interstices results in the volume expansion of 3.3 A® per H atom. All these
data together with our estimate V(MoH,)-V(Mo)=6.0(4) A% per unit cell are presented in
Fig. 3.7. Assuming in a saturated molybdenum hydride above 15 GPa, octahedral
interstices are fully occupied and the tetrahedral interstices partially occupied, then the
composition x=H/Mo can be estimated as x=1 1/3 , Which is the same as that of tungsten
hydride?®. Moreover, the several saturation hydrides formed by TMs were found to be
nonstoichiometric, such as ReHogs™**, TcHos'™ and WH13'%. It is unclear why these
metals do not form higher stoichiometric hydrides as the hydrogen pressure further

increased.

3.2.5 Discussion and Conclusion

In this study, the crystal structure and the lattice parameters of molybdenum were
investigated in the pressure range up to 30 GPa. Interestingly, the composition H/Mo of
molybdenum hydride is shown to increase continuously with pressure increase rather
than being constant. The composition H/Mo saturates at about 1.35 (10) around 15 GPa,
and no further hydrogen absorption occur up to the maximal reached pressure, which is

contrary to the ab-initio calculation.

The Mo-H system failed to form MoH, under high-pressure hydrogen gas can be
explained by a blocking effect, as originally proposed by Switendick**®. According to this
rule, the hydrogen-hydrogen interatomic distance in all dihydrides should be bigger than
2.14 A, which is a manifestation of a short-range H-H repulsion. There are very few
metal hydrides which violate this empirical rule. According to the first principle

calculations®®, the shortest H-H distance of 2.15 A in the hypothetical MoHj is between
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the octa and tetra sites. It should be noted that the GGA-PBE calculation method used in
ref*® typically overestimates interatomic distances by about ~0.5%, and MoH, should be
close to the violation of the shortest H-H distance criterion. This is supposed the reason

of failure of formation of MoH for the Mo-H system.

The shortest H-H interatomic distance in our saturated compound is hardly estimated
because the X-ray diffraction studies done in our work are not sensitive to the hydrogen
positions. The lattice parameters of MoH; 35 obtained from our study are found smaller
than these of the hypothetical MoH,. While hydrogen atoms can displace from the ideal
positions of their sites to relax the H-H repulsion. Thus, further theoretical and
experimental work is needed to understand why the saturation composition of hydrogen

in molybdenum is non-stoichiometric.

3.3 Tantalum Hydrogen System147

The TMs from group 4 and 5 all were known to form dihydrides under hydrogen pressure
less than 10 GPa at room temperature™, with the exception of tantalum in which the
maximal hydrogen solubility ever observed was 0.86 at 1.6 GPa and 400 K®. Owing to
the development in high-pressure technique, Nb were even found to form NbH,s and
NbH3'® by means of compressing hydrogen molecules in DAC to pressures of tens
gigapascals. Quite recently the tantalum dihydride were predicted to be capable to be
formed and stable in the hydrogen pressure range of 0-50 GPa by the ab-initio
calculation'®®. This triggers us to explore the tantalum hydrogen system under high

pressure. The hydrogen-rich phase at high pressure is expected to form.

3.3.1 DAC experiments

Tantalum foils with a purity of 99.9% were served as samples in this work. Tantalum

with a thickness of 10 was employed in the DAC. The oxidized surface layer of the
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sample was removed by scratching with a sharp scalpel before the high-pressure

experiment. This performance dramatically improved the kinetics of hydrogenation.

The DAC experiments were carried out at room temperature with pressures up to 41 GPa.
The DAC cell, the gas loading system and the in situ energy-dispersive XRD setup was
the same as in our previous experiments for Mo-H system. Hydrogen was always in
excess, serving both as a reagent and as the pressure transmitting medium. Its presence
was monitored both visually and by Raman spectroscopy. In the experiments, a tiny piece
of ruby was used as a pressure sensor. The quasi-hydrostatic pressure scale proposed by

|-149

Mao et al.”™ allowed the determination of pressure with an accuracy of £0.3 GPa.

A EDXRD patterns

X-ray powder diffraction was collected by using polychromatic radiation which is
generated by a conventional tungsten target tube and collimated down to about 100 um
by a homemade a collimator. Prior to each EDXRD measurement, the X-ray beam was
positioned at the center of the gasket hole with an accuracy of 10 um using an intensity
monitor of unscattered radiation. The size of the hole in the gasket was no less than
120 um at the highest pressure of 41 GPa, this procedure, therefore, ensured the collected
signals were purely from the sample without contamination from the gasket at any
measured pressure. The X-ray scattering angle 26 was set at about 18° and calibrated at
the beginning of each experiment using a diffraction pattern of the hydrogen-free initial
bcc Ta foil at ambient pressure. The resolution of the setup was Ad/d= 5%.
Accumulating a diffraction pattern at any given pressure required about one day. The
lattice parameters of the synthesized Ta-H phases were obtained by the le Bail refinement
of experimental energy-dispersive XRD patterns normalized to a constant background
level. At pressures above 10 GPa, the XRD measurements were typically accompanied
by a pressure drift of about 1 GPa. These final pressure values labeled in the figure

served as the measuring pressures of the DAC experiments.
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Fig. 3.8 Energy-dispersive X-ray diffraction patterns of tantalum in a hydrogen

atmosphere measured in the course of a step-wise pressure increase in a DAC.

The EDXRD of Ta-H system under

high-pressure during compression and

decompression are shown in Fig. 3.8 and Fig. 3.9, respectively. The sample was

equilibrated for approx. one hour when the pressure was changed and the diffraction

pattern was accumulated about 24 hours. The maximal pressure in the first run was

~41 GPa. The diffraction patterns are shifted vertically for clarity. The pressures are

marked in the right of each diffraction pattern.
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The peaks with energy E lower than 12 keV are the L fluorescence emission lines of
tantalum; other peaks are of a diffraction origin. The blue ticks at the bottom indicate
calculated positions of the strongest diffraction peaks from the hydrogen solution in hcp
rhenium with a =2.79 A and ¢ = 4.41 A at P =5 GPa™. As seen in Fig. 3.8, no obvious
contamination of gasket in any diffraction pattern was observed. The black ticks at the
bottom of the figure show calculated peak positions for bce Ta with a = 3.30 A at ambient
pressure. The first diffraction pattern of Ta-H system was accumulated at 1.4 GPa since
the DAC was loading with high-pressure hydrogen gas. It is worth noting that the broad
diffraction peaks of bcc tantalum shift to higher d-values considerably. At this pressure,
the non-stoichiometric monohydride TaH; x which is known to form at this pressure,
possesses the face-centered orthorhombic metal lattice with space group Fmmm,
a=483A b=479A~a c=3.46A~alJ215 Tpjs crystal structure of metal lattice
of the non-stoichiometric monohydride TaH; x, can be considered as a distorted bcc
lattice. No splitting of individual peaks arising from the lattice distortions was observed

in our energy-dispersive XRD measurements due to its low resolution.

Additionally, the qualitative changes occurred at P =5.5GPa as seen in Fig. 3.8,
indicating the formation of a new phase with an hcp metal lattice of Ta-H system. Further
increase in pressure up to 41 GPa, the peaks shifted to lower d-values as usual with
pressure, suggesting the stability of the new phase. This new hydrogen-rich phase was
presumed as dihydride from the volume evaluation. Its composition was accurately
determined in ex situ experiments (see the description in the following part). The olive
ticks at the top label positions of the strongest peaks of tantalum dihydride at
P = 41.1 GPa based on the hcp metal lattice with a = 3.08 A and ¢ = 4.88 A. No two-phase

mixtures were detected in any pattern, indicating a consequence of relatively fast kinetics.
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Fig. 3.9 Energy-dispersive X-ray diffraction patterns of tantalum (shifted vertically for
clarity) in a hydrogen atmosphere collected in the course of a step-wise pressure decrease

in the second series of measurements with the maximal pressure of 9 GPa.

The EDXRD during a step-wise pressure releasing process were shown in Fig. 3.9. The

bottom olive ticks show positions of the strongest peaks for the hcp tantalum dihydride at

P=9GPa with a=3.19A and ¢=5.07 A. The blue curve labeled “Re” shows a

diffraction pattern from the strongly textured

rhenium gasket measured after

decompressing the cell to ambient pressure. The top red ticks show the calculated

positions of the strongest peaks for monohydride possessing bcc metal lattice with

a =3.40 A. Other commentaries are the same as in the caption for Fig. 3.8. The dihydride
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could not, however, be recovered to ambient pressure at room temperature. It
decomposed into monohydride around P=2.2 GPa since the qualitative changes were
observed from pattern labeled "P=2.6 GPa" to pattern labeled "P=2.2 GPa". The
equilibrium pressure for the ternary "hydrogen gas"+"lower hydride"+"higher hydride"
equilibria is likely to be much closer to the decomposition pressure of the higher hydride
than to the midpoint between the pressures of its formation and decomposition®®%
Therefore, determining the decomposition pressure is crucial for the thermodynamics of
the Ta-H system. Hence, the decomposition pressure P = 2.2(4) GPa was determined more
accurately in the second series of measurements within a smaller pressure range up to

9 GPa.

B The pressure-volume dependencies

The atomic volumes of per metal atom of Ta-H system as a function of pressure were
presented in Fig. 3.10. The atomic volumes of the orthorhombic monohydride presented
as a function of pressure were estimated from the mean lattice parameter of its pseudo-bcc
unit cell. In the top panel, the vertical black lines with arrows indicate the pressures of
phase transitions. By comparing the steps at 5.5 and 1.4 GPa in the V(P) dependence
composed by the solid symbols in the figure, we found that this new phase formed around
P = 5.5 GPa from tantalum monohydride was accompanied by approximately the same
volume expansion as the formation of monohydride from pure tantalum. Therefore, the
new high-pressure phase was likely to be a tantalum dihydride. At P >5.5 GPa, the
atomic volume V(P) of the dihydride monotonically decreased with increasing pressure,
while the axial ratio of its hcp unit cell stayed virtually unchanged and equal to
c/a=1.59(1), which is somewhat less than the ideal value of ¢/a=+8/3~1633 Tpe
V(P) values of the tantalum dihydride measured during compression (open symbols in

Fig. 3.10) well agree with the V(P) dependence constructed during decompression.

69 /109



Chapter 3

24 e
23 (-
£ 22t
o :
© 21t
< 20 |
o 19} DAC run - 1 2
Q i compression > > |
. 18k decompression < < ]
> 17t recovered samples at 85 K =
16}
- bce-Ta EoS [13]
L : :
s | |
1.6l @ i
S i.ﬂii’h %} {’“’ ‘I‘ B {' ]
y— : -
C\U 15 ........ PP PP PPN SRR EPEPEPE BN B
o 0 10 15 20 25 30 35 40 45

P (GPa)

Fig. 3.10 Top panel: The pressure-volume dependencies for Ta under high hydrogen
pressure. Bottom panel: The c/a ratios for the hcp-TaH-,. The black squares show V, and
c/a for the recovered TaH-, and TaH; x samples and initial Ta measured at 85 K and

ambient pressure, see Section "Ex situ studies of recovered Ta-H samples”.

The pressure-volume data for the hcp tantalum dihydride were fitted to the Murnaghan

equation of state

-1
B.1 /8
V) =V [1+P)| P
and to the second-order Birch-Murnaghan equation

P(V) = 27 - A
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The fitting using these equations resulted in virtually the same values of the fitting
parameters Vo and B, which are indicated in Table 3.6. The EOS of TaH-; thus obtained

is shown by the solid black curve in Fig. 3.10.

As seen from Fig. 3.10 and Table 3.6, the value of V, = 23.2(2) A® per Ta atom obtained
from fitting the V(P) high-pressure data keeps consistent with the atomic volume
23.14(4) A3 per Ta atom of tantalum dihydride synthesized in a toroid-type high-pressure
chamber and examined by X-ray diffraction at ambient pressure and T = 85 K (this ex situ
experiment is described in the next Section of the paper). The agreement of the
experimental V(P) dependence to the Murnaghan equation indicates that the hydrogen
content of the tantalum dihydride should be nearly independent of pressure in the studied
pressure range up to 41 GPa, since varying the hydrogen content would result in strong
deviations from that equation (see, e.g., publications for the hcp-structured hydrides with
varying compositions in the Mo-H *** and W-H %2 systems).

Table 3.6 Atomic volume Vy, bulk modulus B and its pressure derivative B' at ambient
pressure obtained for TaH-, and Ta as fitting parameters of the equation of state and by the
ex situ measurements.

Equation of state fits at 300 K Recovered samples at
Substance Vo, A’perTa B, GPa B' Vo, A® per Ta atom
bee-Ta in Ar'? 18.04 195(5) 3.4(1) 17.96(3)
hcp-TaH-; in H 23.2(2) 210(20) 4 (fixed) 23.14(4)

3.3.2 Exsitu studies of recovered Ta-H samples
A Synthesis of Sample

Tantalum with a thickness of 160 pm was employed in toroid experiments. The samples

of tantalum dihydride for ex situ measurements were obtained at 9 GPa in a toroid-type

154

high-pressure chamber™" with NH3BHj3 as an internal hydrogen source. The method of

hydrogenation is described elsewhere'™. The temperature was determined by
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Chromel-Alumel thermocouple within an accuracy of +10°C. The pressure was
measured within an accurate to +0.5GPa by a preliminary calibration of the
high-pressure apparatus against the ram load. Only orthorhombic tantalum monohydride
was obtained after exposure of the Ta sample to a hydrogen pressure of 9 GPa at room
temperature for a day; this was supposed to be caused by the low kinetic of formation of
dihydride from the thick layer. A one-day exposure to the hydrogen with the same
pressure and 250 °C also produced the monohydride, presumably, resulting from the
increase in the formation pressure of the dihydride with temperature increase. by
exposing the Ta foil for one day to 150 °C, samples we obtained were composed mainly
of the dihydride and a few percent of the monohydride. Pure samples of the hcp tantalum
dihydride were steadily synthesized by holding the sample for 1 day at 150 °C and for
another one day at 100 °C at a hydrogen pressure of 9 GPa. When the hydrogenation was
completed, the sample together with the chamber was put into the liquid N to cool down.
The pressure was released gradually and the chamber was disassembled in liquid nitrogen.

The sample was preserved in liquid nitrogen to avoid the losses of hydrogen.
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B XRD of sample for Ex situ studies
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Fig. 3.11 XRD patterns of the initial Ta foil (top) and Ta samples hydrogenated at 5 GPa
(middle) and 9 GPa (bottom) at 150 °C. Ambient pressure, T = 85 K, Cu Ka radiation.

The samples synthesized by toroid-type chamber were tested by XRD with a powder

Siemens D500 diffractometer at 85 K. The diffractometer equipped with a homemade

nitrogen cryostat allowed loading the samples directly from the liquid N, bath preventing

intermediate warming. The Rietveld profile refinements method was used to analyze the

obtained diffraction patterns.
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An XRD pattern of one of the single-phase samples of tantalum dihydride measured at
85K is present at the bottom of Fig. 3.11. In contrast, diffraction patterns of pure Ta (top
panel) and tantalum monohydride prepared at 5 GPa and 150 °C (middle panel) were also
shown in Fig. 3.11. The samples of the mono- and dihydride were very brittle. In order to
diminish the texture effect, the samples were powdered under liquid N, before the X-ray
examination. For the same reason, pure Ta from the powder of monohydride degassed by
annealing in vacuum at 650 °C was employed in the X-ray measurement. In the figure,
the black points stand for the experimental data, the red curves show the Rietveld fits,
and the blue curves are the fit residuals. The rather large residual R-factors are mostly

due to the large grain size and strong texture of the samples.

C Determination of the hydrogen content in high-pressure

hydride

. TaH2.2(1)
| synthesis at 9 GPa,
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Fig. 3.12 Hydrogen release from the recovered TaH;, and TaHg g, Samples heated in
vacuum at a rate of 10 °C/min.
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The mean H-to-metal atomic ratio of the obtained samples was determined by
thermodesorption of hydrogen into a pre-evacuated measuring system in the regime of
heating the sample from —186 to 650 °C at a rate of 10 °C min* **®, The accuracy in
determining the atomic ratio x = H/Ta was ox/x = 5% since the accuracy in determining

the mass by the analyzed probe is a few milligrams.

Thermodesorption curves for the recovered single-phase samples of tantalum mono- and
dihydride synthesized in toroid-type apparatus were presented in Fig. 3.12. As shown in
Fig. 3.12, the decomposition of dihydride is an obvious two-stage process. Firstly, more
than half of the hydrogen content (A(H/Ta) = 1.3) of the dihydride samples was suddenly
released in a considerably narrow temperature interval near T =-75 °C, indicating the
transformation from dihydride to monohydride. Then further desorption of hydrogen
from monohydride started at ~100 °C and continued up to ~400 °C with an amount of
A(H/Ta) = 0.9. Therefore, the hydrogen content of the new hcp tantalum dihydride was
determined to be H/Ta=2.2(1) and thus noticeably exceeded the stoichiometric ratio
H/Ta = 2. The sample of monohydride synthesized at 5 GPa demonstrated a somewhat
higher thermal stability and fully decomposed after heating up to about 550 °C instead of
~400 °C. The decreased thermal stability of the monohydride formed from the
decomposed dihydride is typical for metal hydrides when they subjected to
hydrogenation/dehydrogenation cycling™’. The directly synthesized monohydride
samples often have a surface covered by the oxide layer, which limits the rate of
dehydrogenation to some degree. In contrast, the monohydride formed from the
decomposed dihydride usually possesses fresh, non-contaminated surfaces because its
large expansion and contraction lead to the cracking of the sample during the

hydrogenation/dehydrogenation cycle.
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D Lattice expansion of Ta upon hydrogenation
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Fig. 3.13 Lattice expansion of Ta upon hydrogenation. The black symbols stand
for the present data; other colors are for the literature data® *** #* %7, The
uncertainty in V is smaller than the symbol size.

As reported in literature 1311856148

, the orthorhombic solid solutions of hydrogen in
tantalum formed accompanied by linear volume expansion with a slope of about 2.4 A3
per H atom at H/Ta < 0.86. As shown in Fig. 3.13, the hydrogen-induced volume increase
of the orthorhombic monohydride TaHog, and hcp dihydride TaH,, synthesized in the
toroid-type apparatus well obey such a linear dependence. The Vegard law is thus

applicable to the Ta-H system in the whole studied composition range of 0 < H/Ta < 2.2.

3.3.3 Discussion and conclusion

Up to now, all the TM dihydrides possess fcc metal lattice with the exception of NbH,,
which was based on an hcp metal lattice above 40 GPa'?®. The hcp crystal structure is

typical of alkali-earth metal dihydrides under sufficiently high pressures. Even for the RE
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metal dihydrides, the fcc crystal structure is more common. Actually, the hcp structure
was only found in two RE metal dihydrides, EuH,"® and YbH,™. Although vanadium*®,
molybdenum®®, and tungsten'?> were predicted to form hcp-based dihydrides by
theoretical calculation, experiments, however, showed that the hcp hydrides of these
metals were essentially non-stoichiometric with their maximal hydrogen content less than

H/Me = 3/2 122135,

It is worth mention that a few new non- and over-stoichiometric hydrides were
synthesized recently in the Nb-H system under high-pressure: fcc-NbH, 5 3, hcp-NbH; s,
dhcp-NbH, 5, and distorted bce-NbH3*?8, Since none of them was observed in a
single-phase state, it is not clear which of these phases are stable. Additionally, different
experimental runs gave different sequences of phase transformations, making the analysis
is further complicated. In the work, no phases with x>2.5 in the Ta-H system was

observed. Since Ab initio calculations by Zhuang et al.**®

underestimated the equilibrium
formation pressure of TaH,, 0 GPa instead of our experimental estimate of 2.2 GPa,
therefore the formation pressure of higher hydrides can be expected also considerably
exceed 50 GPa proposed for TaH, in their work**, Presumably, phases with x> 2.5 in

the Ta-H system could be formed at higher pressures.

As shown in Fig. 3.11, tantalum dihydride possesses an hcp metal lattice with the lattice
parameter of a = 3.226 A and ¢ = 5.139 A. The shortest interstice of c¢/4 = 1.28 A is that
between the tetrahedral sites. According to the well established Switendick rule, the
minimal distance between hydrogen atoms should not be much less than 2 A in any TM.
Consequently, the mutual blocking between hydrogen atoms leads to no more than half of
the tetra positions in the hcp-TaH-, could be occupied. The maximal number of H atoms
accommodated at the tetra-sites is equal to the number of metal atoms in the hcp lattice.
The same number of H atoms can be located at the octa-sites. Thus the total hydrogen

content of the hcp tantalum dihydride should not more than H/Ta = 2 if the Switendick
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rule is applicable. The arrangement of the extra H atoms in the crystal structure of our

samples of TaH,, remains an open problem.

Further neutron diffraction investigation is believed to be feasible. For example, a
possible solution is the occurrence of a formation of a large number of stacking faults in
the hcp metal lattice of TaH,,. It is worth note that in the double hcp lattice formed by
alternating hcp and fcc layers of metal atoms, H-to-metal atomic ratios of up to x = 2.5 is
possible as the shortest H-H distance is realized between the tetra- and octa-sites (this

type structure has recently been proposed for the dhcp-NbH, 5 1)
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Chapter 4. Summary and Conclusions

4.1 Rare-earth metal trihydrides

Table 4.1 Lattice parameters and molar volume of hexagonal and cubic phases of
different RE trihydrides

Atomic Initial Structure hcp High-pressure fcc™
Number Transition
Trihydrides For(r)r]:ing parameter V'\gloulr?: . Pressure lei_rztr:Zfer V'\(/)Iloulra: .
RE A) (cm®) (GPa) A) (cm?)
elments a c
ScH3 21 ~20
YH3 39 3.67 | 6.62 23.3 7.7 5.28 22.2
SmH; 62 3.78 | 6.80 25.3 2.0 5.37 23.3
GdH; 64 3.75 | 6.69 24.5 5.0 5.36 23.2
ThH; 65 3.70 | 6.66 23.8 6.0 5.34 22.9
DyHs; 66 3.67 | 6.62 23.2 7.0 5.23 21.4
HoH;3 67 3.64 | 6.56 22.7 7.8 5.25 21.8
ErH; 68 3.62 | 6.53 22.3 9.2 5.23 21.5
LuH; 71 3.56 | 6.44 21.3 12.0 5.12 20.2

* Lattice parameter of cubic trihydrides extrapolated to ambient pressure

The lattice parameters and molar volume of hexagonal and cubic phases of different RE

trihydrides are collected in Table 4.1. The transition pressures of RE trihydrides as a

function of the molar volume of the initial hcp phase at ambient conditions. As shown in

Fig. 4.1 and Fig. 4.2, our results of DyH; are well agreed with the liner fittings of

transition pressure against both the molar volume of the initial hcp phase at ambient

conditions and the atomic number of the forming RE metals.
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Fig. 4.1 The transition pressures of RE trihydrides as a function of the molar volume of the
initial hcp phase at ambient conditions. The experimental data for other REH; are cited
from Palasyuk's publications”®.
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Fig. 4.2 The transition pressures of RE trihydrides as a function of the atomic number of
the forming RE metals. The experimental data for other REH; are cited from Palasyuk's
publications"®.
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4.2 Transition Metal hydrides

To summarize, we have studied the crystal structure and the lattice parameters of
molybdenum and tantalum under high hydrogen pressure. For Mo-H system, the
composition H/Mo of molybdenum hydride is shown to increase continuously with
pressure increase, instead of being constant or undergo discontinuities. At pressure
around 4 GPa, a phase transformation was observed of a bcc metal to a hydride with an
hcp metal lattice and H/Mo~1.1. Further hydrogen pressure increase resulted in a
continuous increase of the hydrogen content of the hydride. At about 15 GPa the
hydrogen content reached saturation, and no further hydrogen absorption occurred up to
the maximal reached pressure. The saturation composition H/Mo=1.35(10) was estimated
from volumetric considerations. Our results show the importance of high-pressure
technique as an instrument for the synthesis of new compounds with unexpected

stoichiometries, and, particularly, for new hydrogen-rich materials.

Compared to other d-metals of the IV group (vanadium and niobium), tantalum forms
dihydride at a much higher hydrogen pressure and this dihydride has an hcp metal lattice
instead of the fcc one. The new tantalum dihydride has an overstoichiometric
composition of H/Ta = 2.2(1), as measured by thermodesorption. In contrast to the Nb-H

128,113

phases , the atomic volumes of both the orthorhombic monohydrides and hcp

dihydride of tantalum well obey the Vegard law.

Luckily, single-phase samples of tantalum dihydride can be recovered to ambient
pressure if cooled to the liquid N, temperature. This allows an accurate investigation of
many properties of the dihydride by conventional techniques including the determination

of its full crystal structure by neutron diffraction. The work is in progress.

Taking into account of our contribution, the hydrides formed by TMs from group 4 to 10
are renewed and listed in Fig. 4.3. The overall pictures of binary hydrides formed by

various elements in periodic table are shown in Fig. 4.4.
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Fig. 4.3 Binary hydrides formed by TMs from group 4 to 10 in periodic table
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Fig. 4.4 Binary hydrides formed by various elements in periodic table
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