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pressure
temperature

gas constant
volume
composition
enthalpy

entropy

Gibbs free energy

activation energy

the total number of molecules

Boltzmann constant

mass of molecule

Avogadro's constant

enthalpy of physisorption of H;

enthalpy of chemisorption

activation energy of transition from physisorption of H, into chemisorption of
H atoms

activation energy from chemisorption state to physisorption state
activation energy of diffusion of H atoms in metals

enthalpy change of phase transition

entropy change of phase transition

standard enthalpy of metal hydride formation

total orbital angular momentum
total spin angular momentum
magnetization

magnetic field



Ch

magnetic susceptibility

Curie constant

Weiss constant

Curie temperature

Neel temperature

Another antiferromagnetic transition temperature in a reentrant magnetic
property

heat

heat capacity (specific heat)



1. Introduction

Many metals and alloys can absorb hydrogen. Since they can form hydrides
with high density of hydrogen atoms they can find application in various technologies
including nuclear reactors, preparation of pure metal powders and strong magnets.
Hydrogen storage alloys were also proposed as energy storage materials after the oil
crisis at the Middle East and Iran-Iraq war in 1970’s.

From long time it had been known well that a certain metals can absorb
hydrogen and form hydrides. The discovery reported at the end of 1960’s by Vucht
and coworkers in Philips laboratory in Holland revealed that SmCos intermetallic
compound absorbed huge amount of hydrogen, and the developments of hydrogen
storage alloys were started at that moment [1]. In their systematic researches of
hydrogen reactions with RTs alloys (R: Rare earths, T: Transition Metals), they found
LaNis, which is a typical hydrogen storage alloy. At the same time, Mg:Ni was
discovered by Reilly and coworkers in Brookhaven National Laboratory in U.S.A [1].
Moreover, they discovered TiFe alloy for hydrogen storage as one of the cheapest
alloy. At the end of 1970’s, TiMn, s, TiCr; alloys and Zr-series alloys with Laves
phase structure were also discovered [1].

From early 1970’s it became clear that development of high hydrogen
pressure technique is a very effective tool for synthesis of many new hydrides.

ZrCo; and/or ZrFe; — C15 Laves phase with Fdi m space group shows the
simplest hydride formation. More complicated case is transformation of RFe; into
RFe;Hs accompanied with symmetry changes. For instance, cubic C15 structures of
YFe, and ErFe; transform into orthorhombic structure when the YFe;Hs and the
ErFe,Hs are formed [2]. Furthermore, the most complicated changes occur during
formation of RMn;D¢ (where R = Y, Dy, Er, Gd and Ho) from RMn; (space group
Fd'm or P63/mmc) under high-pressure and high-temperature conditions. The space
group of RMn;Dgs is Fm m (constituted of four formula units) in spite of different
structures of the parent sample [3,4,5]. The 8c site is randomly occupied by four R and

four Mn atoms. This random occupation suggests that it is possible that 8¢ site in one
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cell is occupied only by rare earths (R atoms) and in another one only by Mn atoms.
Therefore, one can expect that formation of the RMn;Hs type hydrides from other
R-Mn alloys (not belonging to C14 or C15) would also be possible.

Hydrogen may also modify magnetic properties. For instance, many rare earth
based alloys change markedly their magnetic properties during hydride formation. It
seems that interaction of hydrogen with valence shell electrons of transition metals in
the alloys has influence on their magnetic properties [6,7]. On the other hand the

expansion of interatomic distance should also influence magnetic interactions.

In this work, the high hydrogen pressure technique has been used to

synthesize novel hydrides from four groups of materials:

1) Pseudo-binary Zr based alloys in search of composition most suitable for
hydrogen storage.

2) GdFe,, TbFe,, DyFe; and HoFe; aiming at possible formation of RFe,Hs
deuterides of orthorhombic structure like ErFe;Ds and YFe;Ds.

3) YeMny; and YMny; to prove hypothesis that they can form YMn;He-type
hydrides.

4) R7Rh; (R=Ho, Y, Dy, Tb and Er) with focus on the influence of hydrogen

on their magnetic properties.



2. Theory
2.1. The Interaction of Hydrogen with Metals and Alloys

The process of hydrogen reaction with metals and alloys including formation

of hydrides can be classified as following elementary processes [8,9].

I.  The transport of H, molecules from gas phase to the metal surface.

Il. The physisorption of H, molecules on the metal surface.

III. The H; dissociation into H atoms and the subsequent chemisorption of
hydrogen atoms on the surface.

IV. The diffusion of H atoms into the metal.

V. The formation of the hydrogen solid solution.

VI. The formation of the metal hydride.

In these elementary processes of hydrogen interaction, I ~ Il are called “Surface
processes” (Fig. 2.1). To describe the processes precisely and strictly, it is required to
consider influences of residual gas molecules on the metal surface in vacuum [10,11].
In order to analyze surface conditions of a sample, equipments as AES (Auger
Electron Spectroscopy) or XPS (X-ray Photoelectron Spectroscopy) would be useful.
This is especially important when syntheses occur at pressures lower than 0.1 MPa
(H2). However, since the very high-pressure synthesis of hydrides is the main subject
of this study, only the behavior of H; molecules and H atoms will be discussed in next

chapter.



OO0 H,molecule

Dissociationand
Chemisorption

Metal

Fig. 2.1. Hydrogen interaction on a metal surface

2.1.1. The Physisorption of H, Molecules on Metal Surface

H, molecules with a certain striking rate
come closer to the metal surface and interact
with the surface by physisorption. Physisorption
is one of attractions, which occurs by
non-uniform distribution of electrons (van der
Waals force), and its binding energy is very
small (Fig. 2.2.). Fig.2.3. shows a schematic
potential energy diagram of surface reaction
between hydrogen and metals. In this figure,
activation energies and reaction enthalpies of
each elementary process are estimated per 1 mol
of H, molecules. The enthalpy of physisorption
of H, molecules is AHp, and it is obvious that

the binding energy is small and can be absorbed

e Electron

Fig. 2.2. Scheme of a physisorp-
tion mechanism for gas mole-

cules

as vibrations of a lattice and dissipated as thermal motion [12].
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Metal

Gas Phase 1

Enerav

Reaction Process

Fig. 2.3. One dimensional schematic potential energy diagram

illustrating the interactions of H, with a metal surface

2.1.2.The Dissociation of H, Molecules into H Atoms and
Chemisorption of H Atoms on the Surface
2o*

The H; molecules physisorbed on metal
His His surface get over activation energy E. (in
Fig.2.3), and are dissociated and chemisorbed
on the surface with the binding energy
1/2(AH:+ AHp) [13]. According to Nerskov

and Besenbacher who have studied theory of

Fig. 2.4. A H,; molecular orbital

energy level diagram for orbitals

interactions between hydrogen and metals
constructed from the overlap of Hls

from the point of view of electronic states, H;
orbitals. . . .
molecules can dissociate into H atoms around

the top of the potential barrier E.’ by electrons
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occupying an antibonding state 2c* [14] (Fig.2.4). When the molecule is far from the
surface it has an occupied bonding state 1o and unoccupied antibonding state 2c*.
Unlike monoatomic molecules like helium, H, molecules can chemisorb on the metal
surface. At that moment, the antibonding 2c* orbital starts becoming occupied and

subsequently the molecule is dissociated.

2.1.3. The Diffusion of H Atoms into the Metals

In general, chemisorbed gas

atoms on a metal surface diffuse into -

the metal immediately if there is no e LLA

thick surface coverage on the metal. H @

atoms in particular can diffuse into E 10-10p il

metals with higher diffusion rate than Q

the other elements as shown in Fig. 2.5 10719 VoV

[15]. In Fig. 2.3, the activation energy

for diffusion of H atoms is shown as 10.20() 1 E 3 3 5
0%/ T

“2E.” (because the activation energy is
Fig. 2.5. Diffusion coefficients of H and C

in V, and self-diffusion of V [15]

per 1 mol of “H; molecules™, and if the
molecules are dissociated it becomes 2
mol of “H atoms™) and it is smaller than the others. In general, the height of the barrier
and the diffusion mechanism varies drastically with temperature.

Diffusion of gas atoms into metals occur through the crystal lattice not along
grain boundaries, what was reported by S. Dushman [11] and C.A. Edward [16].
Nowadays, muon or muonium (Mu, p*, e’) are regarded as H atoms probe diffusing in
the metal and their movement can be observed accurately by using Muon spin
rotation/ relaxation/ resonance (uSR) [15,17]. H atoms can get over the activation
energies by their thermal motion and an excitation, but the mechanism changes from
the thermal motion of the atoms to their tunneling at sufficiently low temperature. For
instance, it has been reported that the hopping rate of muon increases markedly below
20 K [18].
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2.1.4. Formation of the Hydrogen Solid Solution

In general, H atoms diffusing and dissolving in a metal form hydrogen solid
solution. The solid solution exists in a region called “a-phase” on p-C isotherms
(Fig.2.6). Precipitation of the hydride phase (B-phase) starts at beginning of plateau
which corresponds to coexistence of a- and B-phases. Finally, steep part of isotherm
beyond plateau corresponds to pure [-phase.

Dissolved hydrogen atoms can move freely in the a-phase. Especially at low
hydrogen concentration, interaction among the dissolved atoms is not strong and the

relation between concentration and pressure follows the Sieverts’ law.

© E
7 E
1w E
-
Rk
! E
i F
[ &
{
i
(Y i
LS *’1 I I H L L 1 i L i

Hyvdrogen concentration
HM

Fig. 2.6. Typical p-C isotherm for hydrogen absorption.
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2.1.5. Formation of the Metal Hydride

The formation of the metal hydride begins at pressure corresponding to
plateau region where a- and (3-phases coexist on p-C isotherm (Fig. 2.6). At the initial
stage of this process appear areas oversaturated with hydrogen (excess chemical
potential of hydrogen in solid solution) from which the hydride is precipitated
gradually [19]. When a metal forms hydride, unit cells of the metal are expanded and
this expansion can be accompanied with change of the crystal structure. In many cases,

the hydrogenation causes also pulverization of metals (Fig. 2.7) [20].

Fig. 2.7. Pulverization of a sample

At the right end of plateau the transformation into [-phase is completed and
consequently p-C isotherm rises steeply as shown in Fig. 2.6. Let us remark that for
many alloys two or more plateaux are observed when hydrogen pressure is gradually

increased. These plateaux correspond to hydrides with different stoichiometry.
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2.2. The Influence of Hydrogenation on Rare Earth — Transition
Metal Compounds

When a transformation from rare earth dihydride RH; into trihydride RHj; occurs,
metallic electrical conduction is lost and magnetic ordering is eliminated or greatly
suppressed because conduction electrons are attracted to absorbed hydrogen atoms
[21]. Since electrical conduction and exchange interaction which leads to magnetic
ordering both require the presence of conduction electrons, it appears that
hydrogenation results in a complete depopulation of the host metal conduction band.
Thus, hydrogen in these materials is essentially anionic and hence the bonding in rare
earth tri-hydrides is essentially ionic.

Intermetallic compounds involving Fe, Co or Mn combined with the rare earths
can easily absorb hydrogen to form hydrides. They have proton densities exceeding
that of liquid hydrogen. Hydrogenation to this extent usually modifies the electronic
density of states and expands interatomic distances of the host metal (Fig. 2.8) [21].
Among the effects observed are; (1) Strengthening the exchange interaction to convert
a paramagnetic system into a ferromagnet (The¢Mn;3) [22]; (2) Suppression of
ferromagnetism (YsMn;3) [23]. Fig. 2.9 shows the dependence of the magnetization on
the hydrogen content for GdFe;Hy and DygFe,3Hy. Thus, magnetic moment tends to be

weakened with increasing hydrogen content in these alloys.

é ‘ é Parent sample

l—p | ——> !
) ] '

Hydride

Y

% (® Metallic atom with magnetic moment @ Hydrogen atom

Fig. 2.8. Spin-spin interactions of metallic atoms with/without hydrogen atoms
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Fig. 2.9. Dependence of spontaneous magnetizaton on hydrogen content for (a) GdFe;H,

and (b) Dy¢Fe,;H,. Both p-C isotherms were measured at 298 K [24].

In general, the magnetization often varies linearly with hydrogen content in the
two phases (o and B) region because the magnetization is weighted average of the
magnetic moment between the two phases [24]. For example, the magnetization M of
LaCosHy decreases linearly with hydrogen content x in the a—B and -y regions but
the gradient dM/dx differs between the two phases. The R-T intermetallic compounds
and their hydrides often have a large magnetocrystalline anisotropy with anisotropy
fields higher than several tesla. In such case, neither the saturation magnetization nor
the spontaneous magnetization can be determined exactly from magnetization

measured in the low field [24].
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Table 3.1. Tetrahedral interstitial sites in cubic (hexagonal) MgCu, (MgZn,)-type

compounds [25]

Number of sites Number of sites per

Interstitial site Composition
per unit cell formula unit
b (e) 4B 8 (4) l
ek, ) 1A+3B 32 (12k+4f) 4
g 2A+2B 96 (241+241) 12

3.1.1. ZrCo;, — H, and ZrFe, — H, Systems

At normal conditions ZrCo; and ZrFe; dissolve only small amount of
hydrogen. Even after hydrogenation at 7 MPa [26] both alloys did not transform into
hydrides as proved by XRD analysis. However, their hydrides (deuterides) can be
formed at 0.7 GPa (H;) and 373 K as confirmed by XRD and Neutron Diffraction
(ND) (Fig. 3.2) [27,28]. According to ND analysis, both ZrFe, and ZrFe,;Dy phases
crystallized in the cubic CI5 structure with Fd m space group. However, the lattice
volume of the deuteride was by 22.9 % larger than that of parent ZrFe,. Deuterium
atoms in ZrFe;Dy are located in 96g A2B2 site as shown in Table 3.2. ZrCo;
transformed into ZrCo,Dy and coexistence of both ZrCo; and ZrCo,;D, was observed
in the XRD and ND patterns. The ND pattern was refined assuming that ZrCo,;Dx
crystallizes in the C15 type structure with D atoms in A2B2 sites. The refinement of
the deuteride showed that the increase in cell volume is 11.6% and the total amount of

D atom in the 96g A2B2 site was 1.65 D/f.u. (Table 3.2).
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Fig. 3.2. Neutron diffraction patterns of (a) ZrFe,D, refined with a mixture of

ZrFe,D, ;+ZrFe; and (b) ZrCo,D, refined with a mixture of ZrCo, and ZrCo,D, [28].

Table 3.2. Comparison of structural data of parent compounds (ZrFe, and ZrCo,) and

their deuterides [28].

Space 3
Phase a (nm) Aa/a (%) V (nm”) AVIV (%)
group
ZrFe; Fd m 0.706 - 0.352 -
ZrFe;D, Fd m 0.756 7.1 0.433 22.9
ZrCo; Fdim 0.693 - 0.333 -
ZrCosD, Fd'm 0.719 3.7 0.372 11.6
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3.1.2. YFe,—- H, (D,) and ErFe;, — H, (D;) System

Both YFe; and ErFe; with cubic C15 Laves phase can absorb hydrogen up to x
= 5 per formula unit (RFe;Hy) under high pressure condition [2,29]. Their parent
structures transform into several different structures depending on hydrogen content
accompanied by multiplateaux character of their p-C isotherms. YFe,;Dy shows cubic,
tetragonal and rhombohedral structures at 0 < x < 4.2 depending sensitively on
deuterium content as shown in Table 3.3 [30,31]. After hydrogen treatment of YFe; at
1 GPa (H;) and 373 K thermal decomposition analysis proved that hydrogen content
was 5 H/f.u [2]. The XRD patterns of YFe,Hs were indexed in a centered
orthorhombic cell with @ = 0.544 nm, b = 0.585 nm and ¢ = 0.808 nm, and could be
described in the space group /mm?2 as given in Table 3.4 [2].

Table 3.3. Structural data of YFe,D, deuterides [30].

Compound Structures Cell parameters
YFe, cubic a=0.736 nm

YFe;D 2 tetragonal a=1.198 nm, ¢ =0.761 nm
YFe;D, 75 cubic a=1.534 nm
YFe;D 9 tetragonal a=1.215nm, ¢=2.307 nm
YFe;D26 cubic a=0.778 nm
YFe;Da9 cubic a=0.783 nm
YFe;Ds 3 rhombohedral a=0.551 nm, o =61.43°
YFe;Ds4 5 rhombohedral a=0.552 nm, o = 62.75°

19



Table 3.4. Refined parameters and atomic positions in the space group Imm?2 for YFe,Hs

2]

Space group Imm?2

Cell parameters a=0.544 b=0.585 ¢=0.808
Atom X y z
Y1 0 0 -0.020
Y2 0 0.5 0.746
Fel 0.239 0 0.616
Fe2 0 0.260 0.369

In the case of the ErFe;Hy, the cubic structure maintains at several phases with
different hydrogen concentration {a (x =0 to 0.15), B (x =1.251t0 2.0), y (x =2.25 to
2.75), 6 (x = 3.2 to 3.65)}. At ¢ phase with x = 4 the hydride shows rhombohedral
distortion [32,33]. An orthorhombic structure with the lattice parameters a = 0.544 nm,
b =0.579 nm and ¢ = 0.801 nm appears during deuterization at | GPa and 473 K, and
the sample forms ErFe;Ds single phase deuteride under these conditions [2].

The XRD analysis of ErFe;Ds at lower pressure revealed a coexistence of cubic
and orthorhombic phases, what corresponds to a report from Ref. [33]. The weight
percentage of the orthorhombic phase increased at the expense of the cubic phase as

the hydrogen pressure was raised (Fig. 3.3), reaching nearly 100 % for 1.1 GPa.
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Fig. 3.3. Evolution of the amount of cubic ErFe;D, and orthorhombic ErFe,D; versus

applied hydrogen pressure [29].

In the parent RFe; with the cubic FdUn space group three different interstitial
sites are available: R2Fe2, RFe3 and Fe4. Due to both geometrical and
thermodynamical factors, the R2Fe2 site is primarily occupied by hydrogen atoms
during the hydrogenation [2]. According to refinement of NPD pattern of ErFe;Ds
with orthorhombic structure performed at 273 K (Fig. 3.4), deuterium atoms
occupying interstitial sites are attributed to 6 atoms in the Er2Fe2 site and 2 atoms in

the ErFe3 site whereas the Fe4 site is empty as shown in Table 3.5 [29].
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the lower ones to the cubic ErFe,D, phase [29].
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Table 3.5. Refined cell parameters, atomic positions, thermal factors and deuteride
occupancy numbers from the 3T2 NPD pattern of ErFe,D;s at 270 K. The D1-D6 sites are
Er2Fe2 types interstitial sites and the D7-D8 are ErFe3 ones [29].

Atom (Wyckoff) x () y (&) z (02)
Eri(2a) 0 0.258(6) 0
Er2(2a) 0 0.764(6) 0.771(3)
Fel(4b) 0.252(3) 0.255(3) 0.636(6)
Fe2(2a) 0 -0.0260(6) 0.392(6)
Fe3(2a) 0 0.488(6) 0.382(6)
D1(4b) 0.044(6) 0.233(9) 0.275(6)
D2(4b) 0.428(3) 0.285(4) 0.001(6)
D3(2a) 0 0.384(9) 0.712(6)
D4(2a) 0 0.882(9) 0.036(6)
D5(4b) 0.216(6) 0.584(6) 0.952(6)
D6(4b) 0.272(6) 0.937(6) 0.304(6)
D7(2a) 0 0.072(9) 0.584(9)
D8(2a) 0 0.564(12) 0.172(9)

3.1.3. YMn;, — H, System

The intermetallic RMn; compounds with Laves phase have been intensively
discussed and reported because of its interesting structural and magnetic properties.
Another reason is their potential application as hydrogen storage materials which store
up to 4.5 H atoms per formula unit at relatively low pressures and temperatures
[34,35,36]. The Mn-Mn distance in these compounds plays a significant role to induce
a Mn magnetic moment. The hydrogenation can be considered as the application of a
negative chemical pressure; it causes a large increase of lattice parameters and
consequently the Mn-Mn distance. Thus, it is expected that RMn;H hydrides would

exhibit a variety of interesting physical and chemical properties. YMn,Hy crystallizes
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in the cubic C15 type Laves phase (Fd m space group) up to x = 3.5 with a continuous
increase of the unit cell volume, while the hydrogen atoms are distributed at the 96g
Y2Mn?2 sites. For 3.5 < x < 4 a two phase range with a mixture of cubic C15 and
rhombohedral phases is observed. For 4 < x < 4.3 a single phase hydride with
rhombohedral structure (R3m space group) was found [34,35,36,37].

Recently it was discovered that the space group of RMn; exposed to higher
hydrogen pressure at higher temperature is drastically changed. For instance YMn;H¢
with Fm m space group appeared during hydrogenation at 170 MPa and 473 K.
Moreover it was revealed that formation of YMn;He-type structure can be obtained
equally starting from the C14 or C15 structure (Table 3.6) of the parent samples [5]. In
the unit cell of cubic YMn; with C15 structure, the corners are occupied by Y atoms
whereas in cubic YMn;Hs they are occupied by manganese (Fig. 3.5). The unit cell of
this hydride has four formula units. In other words, there are four Y, eight Mn and
24-H atoms. Important feature is that the hydrogen or deuterium atoms are not located
in the interstitial sites (R2Mn2 or RMn3) like in YMn,H, (x<4.5) but form octahedra
around the Mn atoms in 4a positions. The second Mn is randomly distributed with
yttrium in 8c position [3].

RMn;Hg can be classified as isostructural with M>TH¢ hydrides where M is an
alkaline earth (M = Mg, Ca, Sr) or a divalent rare earth metal (M = Eu, Yb)and T is a
transition metal (7 = Fe, Ru, Os). For these hydrides the parent intermetallic
compounds like TM; do not exist and therefore direct hydride formation is not possible
[38,39]. They are synthesized by annealing of transition metal with an alkaline metal
hydride in hydrogen atmosphere. However, the synthesis of RMn;Hg has been
achieved by direct reaction of an intermetallic compound with hydrogen (deuterium).
Concerning the nature of the Mn-D bonds it can be noticed that the Mn-D distance is
close to those observed in other M;TH¢ [3,39]. These hydrides can therefore be
considered as coordination compounds rather than interstitial metal hydrides just like
these MyTHs compounds which are described as complex anions THe"" surrounded by

a cage of divalent M** cations.
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Fig. 3.5. Schematic representation of crystal structure (a) YMn, with C15 structure

with space group Fd3m and (b) YMn,H; with space group Fm3m [5,38]

Table 3.6. Structural properties of RMn, and RMn,Ds compounds (R=Er, Y, Ho and Dy)
(51

Unit cell parameter

Space Unit cell

Sample (nm) 3 Ref.

group volume (nm”)

a &

YMn; (C15) Fd3m 0.768 - 0.453 [5]
YMn;Dg Fm3m 0.669 - 0.299 [38]
DyMn, (C15)  Fd3m 0.759 - 0.437 [3]
DyMn; (C14)  P63/mmc 0.536 0.874 0.217 [3]
DyMn;Dg Fm3m 0.672 - 0.303 [3]
HoMn, (C15)  Fd3m 0.754 - 0.429 [5]
HoMn, (C14) P63;/mmc 0.533 0.869 0.214 [5]
HoMn;Dg Fm3m 0.668 0.298 [5]
ErMn; (C14) P63/mmc 0.529 0.864 0.210 [5]
ErMn;Ds Fm3m 0.668 - 0.298 [5]
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3.2. Y¢Mn,; and YMn;, Compounds
3.2.1. Y¢Mn,; — H, System

Ye¢Mny; is a face centered cubic (fcc) compound isostructural with ThegMn;;,
which has the space group Fm3m [23]. Fig. 3.6 shows schematic representation of the
Ye¢Mny3; compound, based on reported lattice parameter and atomic positions
[40,41,42]. According to J.V. Florio et. al. [40], there are 4 formula units (116 atoms)
in one unit cell and three different twenty-four-fold positions: 24d and e of space
groups Fm3m and F43, and 24g of F43m [40]. In addition, 24f of F43m is equivalent
to 24e of the other groups. The twenty-four yttrium atoms belong to these symmetries.

After exposure of Y¢Mn3; to hydrogen (deuterium) gas at 6.2 MPa in conventional
volumetric apparatus, the concentration of hydrogen corresponded to x = 24 ~ 25 in

YsMn2z3Hy and the parent structure remained unchanged within this concentration
range [23,43].

Fig. 3.6. Schematic representation of crystal structure of Y¢,Mn,;; atomic positions are

based on Ref. [40].

26



3.2.2. YMn,, — H, System

YMn,; has tetragonal structure isostructural with ThMn,, with I4/mmm space
group. According to J.V. Florio et. al., Th and Mn atoms occupy 2a site and 8f, 8i, 8;
site, respectively [40]. Fig. 3.7 shows schematic representation of YMn;; based on the
atomic positions of ThMn,; there are 2 formula units in one unit cell [40].

Unfortunately, according to our knowledge, there are no reports about hydrogen
absorption properties of YMn,, S. Obbade et. al. [44] carried out hydrogenation up to
1 MPa on YFe;;Ti isostructural with YMn, structure and obtained YFe; TiH,s.
However, the unit cell volume showed only a simple expansion without any structural

changes.

Fig. 3.7. Scheme of YMn,; structure.
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3.3. R;T; Intermetallic Compounds
3.3.1. Crystal Structure of R;T; Compounds

R;T3 intermetallic compounds (R: rare earths and T: transition metals) were
investigated extensively at beginning of 1970’s by G. L. Olcese and A. Raman.
According to them, all the R metals can form 7:3 phase with Rh atoms with
ThsFes-type structure (Table 3.7) except R = Eu, Tm, Yb and Lu as shown in Fig. 3.8
[45]. Fig. 3.9 shows the structure with hexagonal (hcp) P6;3mc space group, R atoms
occupy three inequivalent positions indicated R(1), R(2) and R(3). There are two
formula units in one unit cell [46]. As shown in Fig. 3.10, the unit cell volume
decreases with increasing periodic number of rare earth [45,46] what is caused by
lanthanide contraction which occurs due to unoccupied 4f orbital and occupied 5d and
6s orbitals with electrons. Subsequently, the attraction between nucleus and electrons
becomes stronger with increasing the number of 4f electrons, and thus atomic or ionic

radii of lanthanides decrease.
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Table 3.7. Structural properties of R;Rh; compounds [45]

Lattice parameters (nm) Unit cell
Compounds  Structure type . ) ” P ——
LasRh; ThsFe; 1.019 0.650 0.638 0.585
CesRh; ThsFe; 1.002 0.638 0.636 0.555
Pr;Rh; ThsFe; 1.001 0.635 0.634 0.551
NdsRh; Th;Fe; 0.998 0.631 0.632 0.544
Sm;Rh; ThsFe; 0.989 0.625 0.631 0.530
GdsRh;3 Th7Fe; 0.985 0.618 0.627 0.520
Tb7Rh;3 Th7Fe; 0.979 0.616 0.629 0.511
Dy7Rh3 Th7Fe; 0.975 0.611 0.626 0.503
Ho7Rh; ThsFe; 0.969 0.610 0.629 0.496
Er;Rh; ThsFe; 0.966 0.606 0.628 0.490
(a) (b)
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Fig. 3.9. Schematic representation of (a) an unit cell of R;Rh;-type structure and (b)

one unit cell with expanded the ¢ axis scale [46]
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3.3.2. Hydrogen Absorption in R,T; Compounds

Hydrogenations of R;T; compounds have been investigated for a long time. The
compounds are usually capable to absorb large quantities of hydrogen even under low
pressure. Hydride formation is followed with a strongly exothermic reaction. For
La;Ni; hydrogenated at 5 MPa and room temperature P. Fischer and G. Busch et. al.
found decomposition into LaH3; and LaNis [47,48]. In their study, the following

decomposition process was proposed.

5La;Ni3 + 48H, — 5La;Ni3H 92 — 32LaH; + 3LaNis 3.1
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For ThsFe3, Th7Cos and Th;Nij; hydrogenated by E. B. Boltich and coworkers
at 4 MPa the hydrogen concentration was measured by using volumetric apparatus
giving following hydrides formula: ThsFe;Hsp, ThsCosHz; and Th,NisHys [49].
However, XRD analyses of these hydrides showed not hexagonal peak patterns but
only three or four peaks for all the hydrides [49,50]. Taking into account the decrease
of the number of peaks in their XRD analyses, it seems that the hydrides were also
decomposed into ThHy and other species like in the case of La;T; alloys [48,50] (T:
Transition metals). This could be related to high stability of ThHy and quick
introduction of high pressure hydrogen gas to the samples. Fischer et. al. [47]
confirmed the decomposition of La;Nij treated with deuterium into LaNisDy and LaDs.

Unfortunately Boltich et. al. [49] even did not show their XRD data for Th;T;H,.

3.3.3. Magnetic Properties of R,Rh; Intermetallics

Magnetic properties of R;T; compounds have been investigated extensively for
a long time since fundamental magnetic properties of rare earths depend on the
number of 4f electrons (Chap. 3.2.1) and the empirical data are in good agreement
with theoretical calculations. For example, T. Tsutaoka and coworkers have
investigated magnetic properties of many R;Rh; series intermetallics and calculated
their gJ values (g: Landé’s g-factor, J: total angular momentum) [51,52,53,54,55]
which show magnitude of a magnetic moment of the rare earth ions. J is the sum of
total orbital angular momentum L and total spin angular momentum S (thus, J=L + §),

while g-factor for lanthanide ions is defined as [56]

DDDDDIIDDDDED]DDDDEEDDDD
oapo od :

gJ value shows magnitude of magnetic moment evaluated using Bohr magneton. In
the case of Dy3+, this value is 10. It means that each dysprosium atom has 10 ug

when all magnetic moments in the atom are aligned in the magnetic field.

31



Fig. 3.11 shows the magnetic susceptibilities of Tb;Rh;, Dy;Rh; and HosRh; as
a function of temperature at magnetic field H = 11 kOe [51]. A susceptibility change
of Dy7Rh3; and HosRh; are similar. According to T. Tsutaoka, Dy;Rh; and HosRh;
exhibit antiferromagnetic properties below 7y = 56 K and 34 K, respectively. These
compounds also show spontaneous magnetization below T¢ = 34 K for DysRh3 and 20
K for HosRhs.
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Fig. 3.11. Magnetic susceptibility of Tb;Rh;, Dy;Rh; and Ho,;Rh; as a function of

temperature. Ty, 7c and T, indicate the transition temperatures [51].
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On the other hand, the Tb;Rh; shows reentrant magnetism (antiferromagnetic,
ferrimagnetic and another antiferromagnetic phase) with transition temperatures T,
Tc and T, equal to 91, 74 and 24 K, respectively. At high temperature region, the x-T
curves show Curie — Weiss behavior. The effective magnetic moments determined
from the reciprocal magnetic susceptibilities are in fair agreement with values for the
free trivalent R ions.

Fig. 3.12 shows magnetization curves (a) in the c-plane and (b) along the
c-axis at various temperatures in HosRh; [52]. In the figure (a), a ferromagnetic
character can be seen in temperature range between 4.2 K and 20 K where
magnetization increases steeply with increasing magnetic field up to 10 kOe. This
means that a spontaneous magnetization exists below 20 K, and this temperature
corresponds to the magnetic transition point 7¢ shown in Fig. 3.11. Along the c-axis
(Fig. 3.12 (b)), magnetization increases markedly at H = 6 kOe below 20 K. It is called
“metamagnetic transition”; in this transition electron spins rotate suddenly as to align
in the direction of magnetic field. This critical field does not show any pronounced

change with increasing temperature and disappears at 20 K.

5 10 15 2 %o 5. 10 15 20
W H (kOe) ®) " H(KOe)

Metamagnetic transition

Fig. 3.12. Magnetization curves of Ho,;Rh; (a) in the c-plane and (b) along the c-axis at

various temperatures [52]
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Fig. 3.13. Powder neutron diffraction patterns of Ho;Rh; at various temperatures [S52]

Fig. 3.13 shows the neutron diffraction patterns of Ho;Rh; at various
temperatures. A strong (0,0,0)* reflection is observed at 20 = 8.724° and T = 1.5 K.
Since the magnetization measurements suggest the existence of an antiferromagnetic
component in the principle plane, it may indicate a helically modulated magnetic
structure along the c-axis.

As shown in Fig. 3.11, theTbsRh; single crystal transforms from paramagnet
to antiferromagnet at Ty = 91 K, then to ferromagnet at 7c = 73 K and to another
antiferromagnet at 7, = 27 K. Fig. 3.14 shows the magnetization curves along the
c-axis (a) and in the c-plane (b) at various temperatures [53]. At 4.2 K, the
magnetization increases linearly with the magnetic field up to 17 kOe, and is far from
the theoretical gJ value of 9.0 ug for Tb’" for both axes. In Fig. 3.14 (a) a small
residual magnetization (0.04 ug/Tb at 35 K) and hysteresis appear in the temperature
range between 27 and 75 K along the c-axis. Simultaneously, a metamagnetic
transition is observed in the temperature range from 35 to 70 K. Thus, a ferrimagnetic
state, with a small magnetic moment along the c-axis, exists in this temperature range.

As seen in Fig. 3.14 (b), the magnetization in the c-plane increases linearly with
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increasing magnetic field up to 17 kOe at all temperatures and the slope of
magnetization against magnetic field has a maximum at about 95 K. This indicates that
the basic magnetic structure in the c-plane is antiferromagnetic below 95 K. In Fig.
3.15 and 3.16, three successive metamagnetic transitions with large hysteresis were
observed in the measurement of the high-field magnetization of polycrystalline
Tb;Rhs3 at 1.5 K [51,53]. This indicates that Tb7Rh; is in an antiferromagnetic state at
low temperature. The residual magnetization Mg, the critical metamagnetic field H¢
along the c-axis and the magnetization value My at 17 kOe along the c-axis and in the
c-plane can be seen on the figures. It is evident that three magnetic phases exist in
TbsRh3: an antiferromagnetic phase at 7< T, = 27 K, a ferrimagnetic phase at 27 K <T
< Tc =73 K and another antiferromagnetic phase at 73 K < T < Ty =91 K.

08 a2

H il c-axis

Fig. 3.14. Magnetization curves (a) along the c-axis and (b) in the c-plane at various

temperatures [53]
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Fig. 3.16. Magnetization curves for Tb;Rh; at 1.5 K [51].
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The R;Rh; compounds with light rare earth (R = Ce, Pr, Nd) show a
ferromagnetic behavior and metallic transport properties at low temperature as
reported in Ref. [46,54]. In contrary, Sm7Rh; and heavy rare earth compounds (R = Gd,
Tb, Dy, Ho and Er) show an antiferromagnetic behavior even though their metallic
transport properties also appear at low temperature. This property is completely
different from light rare earth compounds. For example, the negative temperature
coefficient of Y;Rh;3 in the high temperature region and the metallic conductivity at

low temperature are of non-magnetic origin [53,55,57,58] (Fig. 3.17).
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Fig. 3.17. Electrical resistivity p along the c-axis and in the c-plane of Th;Rh; as a
function of temperature. The inset shows the temperature dependence of p for a Y,Rh;

polycrystal [53].
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3.3.4. Magnetic Properties of R;T; Intermetallics with Hydrogen

The R;T; alloys interact with and can absorb hydrogen as explained in chap.
3.3.2. For example, Th7T3; compounds forms Th7T3;H3o by hydrogenation [49]. In such
hydrogen rich hydrides the magnetic behavior is substantially different from that of
the parent samples. Also the superconductivity behavior of metals is significantly
altered. These various considerations aroused interest in studies to ascertain the
influence of hydrogen on the behavior of the R;T; systems.

ThsFe; readily absorbs hydrogen to the composition ThsFesHso. The
susceptibility of the host material is approximately 20 x 10~ emu mol' Oe™' over the
range 4 — 300 K. In contrast with this the hydride shows magnetization-temperature
behavior characteristic of ferromagnetic (or ferrimagnetic) material (Fig. 3.18). The
Curie temperature is above 300 K. The saturation magnetization measured at 4.2 K
corresponds to 1.4 pg per atom of iron in the sample, what suggests that it is

ferromagnetic.
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Fig. 3.18. The magnetization - temperature behavior of Th,Fe;H3, and in the inset the

magnetization vs. magnetic field at 4.2 K [49].
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Fig. 3.19. The temperature dependence of the susceptibility of Th;Co; (0) and Th,Co3;H;, (X)
below 50 K [49].

The contrasting behavior of ThsFe; and its hydride is ascribed to the influence
of hydrogen on the number of electrons in the d band. The band is filled in the host
metal, rending the iron non-magnetic and the system as a whole a Pauli paramagnet.
The discussed results suggest that hydrogen in effect captures electrons from the d
band and this restores the iron moment, setting the stage for the ferromagnetic
ordering which takes place below about 325 K.

Hydrogenated Th;Co; readily absorbs hydrogen to form Th;Co3;H,;. The
susceptibilities of the host and hydride are shown in Fig. 3.19 for temperatures below

50 K. At higher temperatures both susceptibilities ware essentially constant.

Data for Th;Ni; and its hydride are given in Fig. 3.20 and in Table 3.8. The
behavior of the nickel compound is clearly at variance with that of the other two

systems in that hydrogenation in this case decreases the susceptibility; obviously there

is no indication of ferromagnetism.
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Fig. 3.20 The temperature dependence of the susceptibility of Th,Ni; (©) and Th;NizHz; 5 (%)

below 50 K [49].

Table 3.8. Magnetic properties of Th-;Fe;, Th;Co; and Th;Ni; and their hydrides.

(pp=Pauli paramagnet) [49].

Susceptibility (x10%) at 300 K Te (K) us at 4.2 K
(emu/mol Oe) (np/fiu.)

ThsFes 20 pp 4.2
Th,Fe;H3 ~ =325

Th;Cos 3.5 pp
Th7Co3H3, T pp

ThsNij 1.3 pp
ThNi3Ha4 0.1 pp
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4. Aim of Studies

In this study, we have aimed at followings;

The assemblage of Sieverts' apparatus for high pressures and direct measurement
of hydrogen absorption (p-C isotherms) in Zr(Co;Cry), and Zr(Fe;.xCry)2

(x=0~0.9) at room temperature.

Hydrogenations of ZrCo;-based pseudobinary alloys under high pressure and high

temperature conditions, and structure analyses of the obtained hydrides.

High pressure deuterium treatment of RFe; (R = Ho, Dy, Tb and Gd) compounds
at 373 K and structure analyses of the obtained deuterides in search of existence of

orthorhombic RFe;Ds deuterides, or other phases with high deuterium content.

Syntheses of hydride from pseudobinary (Y.xDyx)Mn;, alloys in order to check
possibility of replacement of yttrium by rare earth element in 8c positions of
RMn;Hg hydrides.

Hydrogenations of Y¢Mn;3; and YMn,, compounds under high pressure and high
temperature conditions, aimed at syntheses of novel hydrides. Also verification of

hypothesis that ratio of Y:Mn in 8c positions can be smaller than 1:1.

Hydrogenations of R;Rh; (R=Y, La, Nd, Tb, Dy, Ho and Er) compounds at
moderate and high pressures, and analyses of crystal structures of products in
order to synthesize stable hydrides with possibly high hydrogen concentration.

Measurements of magnetic properties of these hydrides.

In our laboratory, a main subject is synthesis of new hydrides and determination

of their structures. However, we extended studies also for magnetic properties.
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Moreover, p-C (pressure - composition) isotherms were measured by using Sieverts’
apparatus which has been made for investigations of hydrogen concentrations in
metals under high-pressure conditions.

The selection of materials to be treated by hydrogen at high hydrogen pressure,
XRD measurements, structure refinement and p-C isotherm measurements have been
done in the Institute of Physical Chemistry PAS. Selected properties of successfully
synthesized novel hydrides were measured in the framework of collaboration with

France, Japan and Taiwan.
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5. Experimental Methods

5.1. Preparations of Samples

All samples used in this study were selected by us. Zr(Co;<Cry)2, Zr(Fe .xCrx)a2,
Zr(CoxFeix)2, (Y1xDyx)Mny, Ye¢Mny; and YMn; were prepared by Advanced
Industrial Science and Technology (AIST) Kansai Centre in Osaka Japan. RFe; and
(ZrTi;.x)Co, were prepared at Centre National de la Recherche Scientifique (CNRS)
in France and National Taiwan University in Taiwan, respectively. These samples
were made by using arc melting method, and their XRD confirmed cubic structure
with C15 Laves phase space group Fd'm for RFe;, ZrCos-based, ZrFe,-based and
(DyxY1.x)Mn; pseudobinary; cubic structure with space group Fmfm for Y¢Mn;3; and
tetragonal structure with space group /4/mmm for YMn,,, respectively.

On the other hand, R7Rh; compounds were prepared using arc melting method at
Hiroshima University in Japan. XRD analyses of the obtained R7Rh; compounds led to

hexagonal structure with space group P63;mc as shown in Fig. 3.9.

All samples investigated in this study are listed in Table 5.1.
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Table 5.1. Samples investigated in this study.

System

Compound

Sample

Measurement

*Zl’COz
*ZrCrO_ZCol,g
*ZrCr0_5CO|_5

High hydrogen pressure

treatment, XRD

Zr(CerOI-x)Z *7ZrCrCo
measurement,
ZrCr|_5C00_5
ZrCry.5Cou.2 p-C isotherm (*)
ZrCr,
ZrFe,
Zr-based alloys Zr(CriFe,.); ZrCrosFe s p-C isotherm
ZrCrosFe, s
ZrCrFe
Zr-Co-Fe 2rCoj sFeos
ZrCoolee._s .
Zro sTio Co; High hydrogen pressure
Zro 15Tig 25CO, treatment, XRD and
(Zr14Ti)Co, Zro5TiosCoz magnetic measurement
Zrg 25 Tig 75Co0;
Zro,Tig9Co,
DyFe,
RFe, HoFe, High hydrogen pressure
ThFe; treatment, XRD
GdFez
Dyan
DyooYo.:Mn;
Dyo.75Y025Mn; High hydrogen pressure
R (Y and rare earth) (DY1xYx)Mn, DYo.25Yo.7sMn; treatment, XRD
based alloys Dz Yaaling t
y YMn, measuremen
Y-Mn YsMny;
YMnlz
Y;Rhs .
Dy,Rhs Low and high hydrogen
R;Rh; Ho;Rh; pressure treatment, XRD and
ErsRh; magnetic measurement
Tb;Rh;
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5.2. Sieverts’ Apparatus and Measurements of p-C Isotherms

The p-C isotherms of Zr(Co.«Cry); and Zr(Fe|«Cryx), compounds have been
measured by Sieverts' apparatus which was made in our laboratory (Fig. 5.1). Tubes
and valves (products of SITEC company) of this apparatus were made of austenitic
stainless steel AISI 316Ti (modified SUS 316-type) which shows good resistance to
hydrogen corrosion. Hydrogen gas pressure was measured by three sensors (for three
different pressure ranges; 0.35, 20 and 70 MPa) connected to a monitor Druck
DPI-145. Reaction vessel of Cu-Be alloy (made in Institute workshop according to our
design), which endures high pressure hydrogen gas, was attached at the left side of the
Sieverts’ apparatus (Fig. 5.2). A sample for p-C isotherm measurement was placed in
the vessel and exposed to hydrogen. The apparatus is connected to two pressure
intensifiers via a capillary. Fig. 5.3 shows the intensifiers. Preliminary compression of
hydrogen gas up to 100 MPa can be done by the left one (A) in Fig. 5.3. Further
compression up to | GPa is possible applying compressor (B) in Fig. 5.3. However,

the Sieverts’ apparatus has been designed for pressures not exceeding 0.35 GPa.

Fig. 5.1. High-pressure type Sieverts' apparatus.

45



Fig. 5.2. Reaction vessel made of Cu-Be alloy.

Fig. 5.3. The pressure intensifiers connected to Sieverts' apparatus (Fig. 5.9) via
capillary; (A) pressure intensifier to compress H, gas up to 100 MPa and (B) to compress

the gis up to 1 GPa.
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Fig. 5.4 shows a scheme of the Sieverts' apparatus composed of hydrogen deposit
part with the volume VI and the reaction vessel with the volume V2. Before the
measurement of p-C isotherm, an accurate weight of the sample and the volume V2
must be measured for further calculation of hydrogen concentration in the sample.

In this study, samples (usually about 0.5 g) were weighted by Mettler Toledo
balance, and volume V2 with the sample was measured by using argon gas. After
these preliminary measurements, the sample was heated in vacuum up to 473 K for 8
hours for surface activation. In general, the surface of metals or alloys exposed to
atmosphere or low vacuum for long time may be covered with oxide layers or
contaminated by residual gases [10,59,60,61,62] which should be removed. Fig. 5.5
shows the effect of heat activation on hydrogen absorption capacity of
Tig.44Zro 56Crg gsFeg 7Nig2Mng 25Cug o3 (Ti-Cr alloy) [62]. This alloy was put in a
reaction vessel and charged with 0.68 MPa hydrogen gas at 293 K. At this initial stage,
the alloy did not react with hydrogen due to contamination of its surface. Then, the
sample heating was started. Initially the hydrogen pressure increased as temperature of
reaction vessel increased up to 873 K. This temperature was maintained for 8 hours.
During this time the hydrogen pressure gradually decreased what means that the
sample became active and able to absorb hydrogen. After 8 hours, the furnace was
turned off. When the temperature returned to 293 K, the hydrogen pressure became
lower than before the heat activation. Consequently, from this difference of pressures

the amount of absorbed hydrogen was calculated giving H/(Ti-Cr alloy) = 2.1.
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Measurements of p-C isotherms by using Sieverts’ apparatus shown in Fig. 5.4

were performed as follows;

(1) After evacuation of whole system, all valves were closed.

(2) By opening valve (A), hydrogen from pressure intensifier was conducted
into the V1. Then the pressure p(l) and the temperature 7(1) was

measured.

(3) Next, by opening valve (B) the hydrogen gas flows from VI into V2.
After reaction is stopped, the equilibrium pressure p(2) and the

temperature 7(2) were measured.

(4) Amount of hydrogen absorbed in a sample was calculated from difference
between p(2) and p(1) by using hydrogen fugacity and the equation of

state.

(5) Having closed the valve (B), we introduce more hydrogen gas to V1 and

repeat processes (2)~(5).

Thus, we can accurately evaluate hydrogen concentration during the measurements of
p-C isotherms. It is especially convenient for alloys with high equilibrium pressure or

high desorption rate as LaNis for example [63].
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5.3. Syntheses of Metal Hydrides

Hydrogenations (or deuterizations) of investigated alloys have been carried out in
the pressure range up to 1 GPa by using high-pressure compressor and other
equipment in our laboratory. Primarily, the samples were crushed and put in small
containers (Fig. 5.6) which then were placed in the high-pressure vessel made of
Cu-Be alloy and high strength steel (Fig. 5.7). Then, they initially were kept in
vacuum for 24 hours at 373 K. After that the hydrogen gas was introduced gradually
from a pressure intensifier (Fig. 5.8) to initialize process of hydrogen absorption.
When the pressure exceeded 70 MPa the connection with pressure intensifier has been
closed and further compression of hydrogen (up to 1 GPa) proceeded only in the high
pressure vessel placed under hydraulic press (Fig. 5.9). Synthesis of hydride at
constant pressure and temperature was as long as several days (sometimes several
months). Then the vessel was cooled down by liquid nitrogen to inhibit desorption of
hydrogen from the hydrides, the pressure was released and samples were removed for
further investigations. For instance, the crystal structures of the obtained hydrides
were analyzed by Bruker XRD, WinPlotR and Socabim PDFMaint JCP2 as reference
data.

Fig. 5.6. The container for samples (¢=12mm).
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Fig. 5.7. The high-pressure vessel.

Fig. 5.8. The pressure intensifier.

Fig. 5.9. The high-pressure vessel

under hydraulic press.
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6. Results and Discussion

6.1. Zr based Pseudobinary Laves Compounds — H, (D,) Systems

6.1.1. p-C Isotherms of Zr(Co,.,Cr,); and Zr(Fe, Cr,), Compounds

The p-C isotherms of hydrogen absorption in Zr(Co;«Crx)2 (x=0~0.5)
compounds have been measured at 293 K up to 70 MPa. Absorption and desorption
isotherms are plotted in Fig. 6.1. The isotherm curve of ZrCo; did not show neither
plateau nor B-phase formation within 70 MPa. However sample pulverized during the
measurement due to small hydrogen uptake in the o-phase. The isotherm of
ZrCo, 3Crp 2 was located markedly below that of ZrCo, but also in this case pressure
range was not sufficient to reach the plateau level.

Comparing to ZrCo, and ZrCo, 3Crg2, the equilibrium pressure of hydride
formation in ZrCo;sCros decreased markedly. The plateau pressure of hydride
formation lies between 2~3 MPa with maximum | MPa of absorption/desorption
hysteresis. ZrCoCr showed the lowest equilibrium pressure and the highest hydrogen
concentration (H/M > 1) among the isotherms of all hydrides in Fig. 6.1. The isotherm
also showed large B-phase region above 0.08 MPa without second plateau up to 70
MPa.

From these results, it became clear that with increasing Cr contents the

Zr(Co1xCry)» hydrides tend to be more stable and contain more hydrogen.

52



100
[ g m 3
m 5
10 d x ] @ ZrCo2 (Absorption)
o
g - _
n‘f . - ...D >9 © ZrCo2 (Desorption)
= m = o 2 AZrCol.8Cr0.2 (Absorption)
X
—
2, g 4 - AZrCol 8Cr0.2 (Desorption)
=
2 : BZrCol.5Ct0.5 (Absorption)
—
e % OZrCol.5Cr0.5 (Desorption)
O ZrCoCr (Absorption)
0.1 . X ZrCoCr (Desorption)
0.01
0 0.5 1 1.5

H/M

Fig. 6.1. p-C isotherms of Zr(Co,.,Cr,),-H; system at 293 K up to 70 MPa.

Fig. 6.2 shows p-C isotherms of Zr(Fe xCrx)2 compounds at 293 K up to 70
MPa. The isotherm of ZrFe, like ZrCo; did not show plateau in the measurement
within 70 MPa. The a-phase of the sample exists up to 30 MPa and plateau region lies
above 70 MPa. ZrFe; 3Cr» showed a-phase, plateau and B-phase, and the compound
absorbed hydrogen up to H/M > | within 70 MPa. In the case of ZrCo, gCrq2, the
B-phase did not appear and the maximum hydrogen concentration was only H/M = 0.3
in the same range of the pressure even though both compounds had the same Cr
content. Plateau region of ZrFe; 3Crp,-H, extends between 4 and 8 MPa and above 8
MPa (H/M > 0.9) we have B-phase only.

Plateau pressure of ZrFe;sCrps was placed around 0.3 MPa, and the

maximum hydrogen concentration at 70 MPa was H/M = 1.2. ZrFeCr with the highest
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Cr contentamong the investigated samples showed the lowest plateau pressure located
around 0.01 MPa and the highest hydrogen concentration in Fig.6.9. The single
a-phase pet of isotherm of ZrFeCr was placed at pressures too low to measure by
using our ressure system. Above plateau both ZrFe, sCros and ZrFeCr showed large
B-phase rezions with monotonic increase of H concentration up to 70 MPa.

Frm these results, it became clear that with increasing Cr content the
equilibriun pressure decreases, while hydrogen absorption capacity and stability of
the Zr(Fe xCry); hydride increases. Comparing p-C isotherms of Zr(Co,.4Cry), and
Zr(Fe|.xCr.),, it could be concluded that at any particular value x, the plateau pressure
of Zr(Co,..Cry), is higher as shown in Fig. 6.10. This corresponds to the data reported
about ZrCoyHy and ZrFe;Hy compounds [28].

10 ﬁ
: ¢ g 2
¢ i
g | é a2 0 ! .
f : & A A :l & ] ® ZrFe2 (Absorption)
£ &Q‘AA‘ A‘ a .U ¥ 1| ©ZrFe2 (Desorption)
% ; % A 7rFel.8Cr0.2 (Absorption)
é 1 - {| AZrFel.8Cr0.2 (Desorption)
£ - s :5 | WZcFel.5Cr0.5 (Absorption)
" .D q oo C 0 || ozrFel.5Cr0.5 (Desorption)
ol oot N || ©ZrFeCr (Absorption)
é( 1 X ZrFeCr (Desorption)
o] Le. @ o © J ,
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H/M

Fig. 6.9. p-C isotherms of Zr(Fe_,Cr,), for hydrogen absorption and desorption at 293 K
up to 70 MPa.
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Fig. 6.10. Change in equilibrium pressure at plateau (a- and B-phase) region of

Zr(Coy..Cr,); and Zr(Fe,.,Cr,); as a function of Cr content, x.

6. .2. Structure Changes of Zr(Co,..Cry), by Deuterizations

All Zr(Co1.4xCry), compounds (x = 0 ~ 1) were deuterized at | GPa and 373 K for 5
dars. Fig. 6.1 shows XRD patterns of ZrCo; (x = 0) with cubic structure C15 Laves
phise and its deuteride. The XRD pattern of the parent sample exhibited sharpened
peiks and the positions corresponded to a reference Socabim PDFMaint JCP2. There
is 1 report that small unidentified peak appears at 26 = 51° of ZrCo, parent sample
[6<], but such peak did not appear in diffraction pattern of our sample. The deuteride
wa immediately immersed in liquid nitrogen and kept there until XRD measurement.
The resulted peak pattern in Fig. 6.11 shows coexistence of two phases; deuteride
phise and parent phase probably from deuteride decomposition. The synthesized

deuteride peaks appear at 20 = 34.9° and 41.4°, while peaks of the parent phase are
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present at 20 = 36.5°, 43.0° and 45.0°. The third peak of deuteride coincides with peak
form parent phase at 43°. ZrCo, deuteride is not stable, thus it can be observed only

immediately after high pressure deuterium treatments [27,28].

Deuterization (1 GPa, 373 K)

Parent sample

26/0

Fig. 6.11. XRD patterns of ZrCo, before and after deuterization.

h (B) Deuterization (1 GPa, 373 K)
A (A) Deuterization (1 GPa, 373 K)

Parent sample

L P N

20 30 10 50 60 70 80 90
26/0

Fig. 6.12. XRD patterns of ZrCo, 3sCr,; before and after deuterium treatment; (A) XRD

analysis for 20 minutes and (B) XRD analysis for 2 hours.
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Fig. 6.12 shows peak patterns of cubic ZrCo, 3Crp,» parent sample and its deuteride.
The diffraction pattern (A) was received short time (about 20 minute) after pressure
release. It exhibits small deuteride peaks at 26 = 33.5° and 40.2°. However, diffraction
pattern (B) which was measured 2 hours later shows only peaks from the parent
sample. The deuteride peaks disappeared in the pattern (B) because of rapid desorption

of deuterium.

ZrCo, 5Cro s has cubic structure as two previous samples. After exposure to
deuterium, the peak positions (Fig. 6.13) shifted toward low angle side like in the
deuterides of ZrCo, and ZrCo; gCro . In contrast to two former samples intensity of
peaks of deuteride are much stronger than those of the parent sample. These small
peaks at 20 = 36.1°, 42.6° and 43.3° correspond to the parent sample which partly did
not form the deuteride phase. However, the partial decomposition of deuteride is also

not excluded.

h Deuterization (1 GPa, 373 K)

Parent sample

_JUA R T TN .

20 30 40 30 60 70 80 90
260

Fig. 6.13. XRD patterns of ZrCo, sCrqs before and after deuterization.
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Fig. 6.14. XRD patterns of ZrCoCr and its hydride.

The crystal structure of ZrCrCo was hexagonal, thus different from previous
three samples which were cubic. After deuterization, the peak positions of the
deuteride shifted toward low angle side without any phase transition (Fig. 6. 14). In the
diffraction pattern of this deuteride, there are no peaks of parent phase what confirm

that stability of ZrCrCo deuteride is higher than that of previous three deuterides.

The parent ZrCog sCr, s has also hexagonal structure as ZrCoCr. As shown in
Fig. 6.15, the peaks for the deuteride were broadened and split by deuterization
whereas the pattern of ZrCoCr hydride exhibited sharp peaks. Taking into account
coexistence of two hexagonal deuterides with slightly different deuterium

concentration, we calculated separately their lattice parameters.
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Fig. 6.15. XRD patterns of ZrCo, sCr, s before and after deuterization.

Fig.6.16 shows the peak patterns of parent ZrCo,Cr; g and its deuteride. The
parent sample showed cubic structure again. The peak positions of the deuteride
appeared at lower angle side corresponding to the expansion of the lattice without
change of crystal symmetry. Let us remark that sample in which at least half amount
of cobalt was substituted by chromium are stable at normal conditions. Therefore after
deuterium treatment we can receive stable single deuteride phase for ZrCoCrDy,
ZrCo1Cr; gDy and ZrCr,Dy (Fig. 6.17). In the case of ZrCog sCr; s we got two-phase
product but both are deuterides. Peaks of the parent sample were not present on the

pattern.
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Fig. 6.6. XRD patterns of ZrCoy,Cr; s before and after deuterization.

Deuterization (1 GPa, 373 K)

W _/\_AA P

0 70 80
26/6

Fig. 6.17. XRD patterns of ZrCr, before and after deuterization.
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Table 6.1 shows crystallographic parameters of Zr(Co;.«Cry), compounds and
their deuterides. Most parent compounds have cubic structure except ZrCoCr and
ZrCog sCr; s which have hexagonal symmetry. This tendency of the structure change
corresponds to results of Shaltiel et. al. [26]. Volume expansion resulted from
deuterium absorption increases with increasing chromium concentration. The higher
expansion of molecular volume corresponds to higher deuterium uptake. This is also
in agreement with general tendency that hydrogen absorption increases with
increasing lattice parameter of the parent phase. Concluding, increasing chromium
concentration stimulates deuterium absorption and stability of deuterides in Zr-Co-Cr

system.

Table 6.1. Crystallographic data of Zr(Co,.,Cr,); compounds and their deuterides

Lattice Parameter Unit cell Volume
Samples (nm) volume expansion
a c (nm®) (%)
Parent 0.695 - 0.336 -
ZrCo,
Deuteride 0.720 - 0.373 11.2
Parent 0.698 - 0.340 -
Zrcr()AzCOLg
Deuteride 0.727 - 0.385 13.1
Parent 0.705 - 0.350 -
ZrCro,5C0|.5
Deuteride 0.751 - 0.424 21.2
Parent 0.501 0.821 0.178 -
ZrCrCo
Deuteride 0.537 0.881 0.220 23.1
Parent 0.505 0.828 0.183 -
ZrCry sCoy s Left 0.541 0.885 0.225 23.0
Deuteride
Right 0.542 0.887 0.226 23.5
Parent 0.719 - 0.372 -
ZrCl'l‘g(:O()'z
Deuteride 0.766 - 0.449 21
Parent 0.720 - 0.373 -
2rCr,
Deuteride 0.772 - 0.461 23.6
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6.1.3.Zr(Co,_Fe,), Deuterides

In chapter 6.1.1, the resulted p-C isotherms of ZrCo; and ZrFe, have shown that
hydrogen equilibrium pressure of ZrCo, is higher than that of ZrFe,. The ZrCo;D; is
unstable at normal conditions and decomposes into ZrCo, within a few hours whereas
ZrFe;Dj3 5 can be maintained for a long time. We observed sometimes self ignition of
ZrFe;D3 s samples when they contacted with air. This effect was never observed for
ZrCo,H; hydrides. This can be explained by the presence of very fine Fe particles at
the surface which act as catalysts for oxidation.

In order to understand better the roles played by iron and cobalt in the
hydrogenation properties of these Zr based Laves phases compounds, we studied the
hydrogenation of pseudo-binary ZrCo, sFeos and ZrCog ;Fe; 3 compounds. ZrCo;.cFey
pseudobinary alloys have cubic C15 structure for whole composition range. Their
lattice parameter increases with increasing Fe content. The XRD patterns of the
corresponding deuterides indicate that the C15 structure is maintained with an increase
of the cell parameter for both ZrCo,Fe ;s and ZrCo,sFeos. In table 6.2, the cell
parameters of the ZrCo, sFeg sD27 and ZrCog ;Fe; D3 3 deuterides compared with those
of ZrCo, and ZrFe; deuterides. The relative cell volume AV/V increases progressively
from 11.7 to 23.1 % upon Fe for Co substitution. Assuming a cell volume increase of
0.0027 nm?/D atom, it is possible to estimate the average D content in the deuterides.
Its progressive increase from 1.8 to 3.8 D/f.u. versus the Fe content indicates that Fe
favors the D(H) solubility in the Zr(Coj.xFex), compounds. This effect can be also

related to increasing interatomic distance in the parent compounds.
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Table 6.2. Cell parameters of Zr(Co,..Fe,), intermetallic compounds and corresponding
deuterides. The D content is estimated assuming cell volume increase of 0.0027 nm®/D

atom

Composition Intermetallic Deuteride

AV (nm®) AV/V (%) D/ fu.

XFe a (nm) a (nm)

0 0.696 0.722 « 0.0393 11.7 1.82
0.25 0.699 0.737 0.0587 17.2 2.72
0.9 0.707 0.752 0.0725 20.5 3.36

1 0.798 0.758 0.0817 23.1 3.78
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Fig. 6.18. Evolution of phase percentage (%) and cell parameters of a and B phase in

ZrCoy,Fe 3D, versus aging time at normal conditions.
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In order to observe the kinetics of decomposition of the Zr(Co.«Fey), deuterides
at normal conditions, XRD measurements have been performed as a function of time.
During first 10 days ZrCogiFe; 3Dy (Fig. 6.18) remains as a single phase with a
decrease of the cell parameter revealing a deuterium desorption from the deuteride B
phase. Then a precipitation of the cubic a phase is observed. After these 10 days, the
cell parameters of both a and B phase vary only slightly versus the aging time. The
percentage (%) of the B phase decreases almost linearly versus time, indicating a
regular phase transformation into the o phase due to deuterium desorption. After 4
months, about half of the B phase has been decomposed. Moreover, we observed the
decomposition process of the ZrCog,Fe; gDy after the deuterization at 1 GPa and 373
K. As shown in Fig. 6.19, the peak intensities of deuteride phase decreased and that of
parent phase increased gradually within several months. However the deuteride phase
remained yet after 5 months of the decomposition process at 298 K. Therefore, it can
be roughly estimated that the full deuterium desorption process will be completed
within 8-9 months. ZrCo, sFeq sDx decomposes much faster, as after only one day 1/3
of the B phase has already been transformed into the a phase, and after two weeks it
decomposed completely. In the case of ZrCo; the full decomposition occurred within a
few hours. This difference of kinetics of D desorption shows that the Fe for Co
substitution not only increases the deuterium solubility, but also strongly improves the

stability of the deuteride.
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Fig. 6.19. The decomposition process of ZrCo,,Fe, sD,.

6.1.4.2Zr,Ti; ,Co, — H, System

Titanium compounds such as TiFe, TiCo and TiNi of CsCl-type structure are well
known as good hydrogen absorbers. However, TiFe; and TiCo, are supposed to be
non-hydride forming alloys just like ZrCo; and ZrFe, before their treatment up to 1
GPa (H;) range [27,28]. For this reason, there are few reports relative to hydrogen
dissolution in these compounds.

Both ZrCo, and TiCo; have Cu;Mg-type cubic structure with C15 Laves phase
(Fig. 6.20 or Fig. 3.1). The interstitial sites in the compounds are tetrahedral sites that
are formed by Zr or Ti and Co atoms. Although Laves phase compounds are typical
size factor compounds, the stability of the structures is also closely related to the
electron concentration, implying that the crystal structures are strongly governed by

the valence state of the constituent atoms [65]. Taking into account that interatomic
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distance in TiCo, is smaller than that of ZrCo, one can expect that hypothetical
TiCosH hydride would be less stable and should have higher formation pressure than
ZoCoyH,.

The (Ti|.«xZrc)Cos alloys with x = 0.10, 0.50, 0.75, and 0.90 were prepared in
argon atmosphere by an arc-melting method using a non-consumable tungsten
electrode and a water-cooled copper tray. Zirconium (purity of 99.95%), titanium
(purity of 99.95%) and cobalt (purity of 99.95%) were used as starting materials. The
alloys were re-melted three times to ensure their good homogeneity. The melted
buttons were sealed in evacuated quartz tubes for further homogenization annealing at
1123 K for 7 days, then were cooled down and crushed to small pieces. High pressure
hydrogen treatment at 1.0 GPa (H;) has been performed in the piston-cylinder
apparatus described in Chap. 5.3. Temperature range was from 298 K to 373 K. After
hydrogen treatment, the high pressure apparatus was cooled down to 263 K, samples
were taken out and put in liquid nitrogen to prevent hydrogen desorption.

The phase identification of the prepared samples was carried out by powder X -ray
diffractometry (XRD) using a PANalytical X’Pert PRO diffractometer. For parent
alloys the diffraction intensity was measured from 20° to 80° with a step of 0.02° and a
counting time of 10 second per step. For hydrides it was measured from 41° to 45°
with a step of 0.05° and a counting time of 10 second per step. Magnetic hysteresis of
(Ti;xZry)Coz (0 < x < 1) alloys and hydride were measured using superconducting
quantum interference device (SQUID) magnetometer (Quantum Design, MPMS -XL7)
under an applied magnetic field within the range of 40000 to —40000 Oe at 300 K
[66].

ZrTi;.xCo, (x = 0.1 ~ 0.9) alloys did not show crystal structure changes in whole
composition range. Fig. 6.21 shows XRD pattern of the parent samples. The peak
patterns were maintained for all compounds but the positions of peaks shifted to high
angle side with increasing Ti content, what means that the substitution of Zr by Ti in

the (Tiy.xZrx)Co, alloys leads to decrease of the lattice parameter.
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Fig. 6.20. Schematic representations of ZrCo; and TiCo,.
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Fig. 6.21. XRD patterns of Zr,Ti,.,Co, parent samples.

Fig. 6.22 shows XRD patterns of Zr,Ti;.«Co, hydrogenated at 0.5 GPa and 1
GPa. The analyses were carried out for short scanning time and narrow range of

diffraction angles (20 = 44° ~ 45°) considering the hydrogen desorption rates of the
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compounds are very high. After treatment at 0.5 GPa (H,) hydrides were formed only
in ZrgoTip1Coy and Zry75Tip25C0,. When pressure of synthesis was 1 GPa (Hj) the
hydride phase appeared also in ZrosTipsCo; alloy. From these results it is clear that
with increasing Ti concentration in the parent alloy the hydride formation pressure
increases and hydride, if formed, has smaller stability. For this reason a special care is

necessary for sample handling and a very fast XRD measurement device is also

needed.
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In order to understand the effect of Zr substitution on dehydriding kinetics, desorption
rates (the XRD peaks ratio of hydride/parent alloy) were measured as shown in Fig.
6.23. This shows the in-situ XRD patterns for discharging process of (Tig 1Zrp9)Co,
hydride. There are three sets of hydride/parent alloy peaks ratios labeled as I, 1, and
II1. The positions of XRD peak for hydride are labeled as dot line; parent alloy is dash
line. The variation for each set of hydride/parent alloy can be clearly identified.
During the discharging process, the XRD signal of hydride is decreasing and that of

the parent alloy is increasing simultaneously.
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Hydrogen atoms present in the interstitial sites, expand the lattice volume increasing
the Co—Co distance to a considerable extent which ultimately results in changes of
magnetic properties. In Fig. 6.24 (a), it can be seen that the hydride formation of
(Tip.10Zr0.90)Co2.00 alloy causes the reduction of magnetic susceptibility. The volume
effect should increase the magnetization due to enhanced localization of the 3d
orbitals of Co. However for hydride the role of hydrogen becomes dominant over the
volume expansion effect resulting in the decrease of magnetic moment. Fig. 6.24 (b) is
the in-situ SQUID measurement of magnetization during the desorption process of
(Tig.10Zrg 90)Co02.90. Hydride and a-solid solution coexisted during the desorption
process, the hydrogen released from the hydride causing the increase of the amount of
parent alloy. The magnetic susceptibility therefore increased and shifted back to the
value of the parent alloy. This result also means that the hydrogen absorption in these

alloys is a reversible process [66].
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6.2. Yttrium or Rare Earth based Alloys

As shown in Chap. 6.1.1 and 6.1.2, ZrCo,- and ZrFe,-based pseudobinary alloys
can form hydrides directly from the parent phase and hydrogen in a first order
chemical reaction followed with discontinuous increase of the lattice parameter. A
salient feature of these systems is that they can form only one B-hydride and during its
formation space group does not change. However, hydrogen concentration range in
this B-hydride can be quite large.

More complicated are RFe;H, (R = Y or rare earths) systems in which several
hydrides with different hydrogen concentration and different space groups can exist in
various intervals of hydrogen pressure.

A lowering of the crystal symmetry with a change of the space group was
observed in C15 cubic YFe; and ErFe; [29]. The structure changes occurred at low
pressures and for both compounds hydrides up to about 4 H/f.u. [67] were reported.
Then Raj et. al. [68] found that increasing pressure to S MPa resulted in appearance of
orthorhombic phase ErFe;Hs coexisting with cubic ErFe;Hs. Soon later the single
orthorhombic YFe,Hs and ErFe,Hs were synthesized [29].

The next goal of this study was therefore to prove possible existence of the
orthorhombic RFe;Hs (R = Gd, Tb, Dy and Ho) phases analogous to ErFe;Hs and
YFe,Hs.

Moreover, we investigated more about the very unusual RMn;Hs hydrides. From
our experience these hydrides form for several RMnj, R being a heavy rare earth. As
shown in Chap. 3.1.3, the 8¢ sites of FmLh lattice of YMn,Hs hydride are occupied
statistically by Y and Mn atoms. It was therefore interesting to learn whether in these
8c positions is possible (or not) to substitute Y by a rare earths (like Dy) or by Mn. In
order to answer this question we extended experiments for pseudobinary (Y «\Dy;.x)Mn;
alloys and for Y-Mn alloys containing more Mn in their chemical formula (Y sMn;y;
and YMn;,). Finally, we applied high hydrogen pressure technique for exploration of
R7Rh3; which will be described in separate chapters.

All samples were prepared by arc-melting of high purity metals. To ensure
homogeneity the samples were re-melted several times and annealed in inert

atmosphere for two weeks. Then bulk alloys were crushed to fine powder and their
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crystal structures were checked by XRD. The XRD patterns were measured by a D8
Brucker diffractometer equipped with a rear graphite monochrometer using CuKa
radiation. XRD patterns were refined with the Rietveld method, using the FullProf

code. The line shapes were refined with a Pearson VII function.

6.2.1. RFe,Hs Hydrides

It has been evidenced that orthorhombic RFe;Hs with R = Y and Er can be
stabilized under high hydrogen or deuterium pressure [29]. Purpose of this study was
therefore to investigate whether this orthorhombic phase can be also formed for RFe,
compounds with R = Gd, Tb, Ho and Dy. Samples of these compounds have been
submitted for several days to deuterium pressure of | GPa at 373 K. The XRD patterns
are presented in Fig. 6.25 and their refinements in Table 6.3. The previous results for
R =Y, Er [2] have been added for comparison. For R = Gd, Tb the above mentioned
conditions lead to the formation of only C15 cubic hydride, with a relative cell volume
increase of 28.1 %. For R = Dy and Ho, a mixture of orthorhombic and cubic phase
was obtained. It is noticeable that the amount of orthorhombic phase increases with
the atomic number of the rare earth. This probably means that the orthorhombic
distortion is favored by the smaller radius of the rare earth. The cell volume
enlargement is slightly larger for the orthorhombic phase than for the cubic phase of
the same material. But this change remains small, what means that the hydrogen
content should be very close in both cubic and orthorhombic phases. In previous work
[29], it was observed that ErFe;Hs undergoes at 390 K a transition which was
interpreted as a structural change from orthorhombic to cubic phase due to
order-disorder transition of deuterium in the lattice. It is possible that the cubic and
orthorhombic structures have close enthalpy of formation and that the orthorhombic
structure become more stable for a smaller rare earth radius. For YFe;Hs, 100 % of the
orthorhombic structure was obtained, although the equivalent cell volume of the cubic
YFe,Hs hydride (Veubic = 2 % Vorthorhombic = 0.514 nms) is intermediate between those of
GdFe;Ds and TbFe;Ds. This means that although the Y intermetallic compounds have

often a close structural behavior to the corresponding heavy rare earth compounds,
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some differences may occur in the hydride or deuterides phase stabilities.
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Fig. 6.25. XRD patterns of the RFe,D, compounds.
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Table 6.3. Cell parameters of RFe,;D, phases.

Orthorhombic phase C15 cubic phase

a (nm)

Compound | Phase AV/V | Phase AVIV
b (nm) V (nm®) a (nm) V (nm?)

(%) (%) (%) (%)
¢ (nm)

GdFe,D, 100 0.803 0.518 28.6

TbFe,D, 100 0.800 0.512 29.1

0.539

DyFe,D, 48.7 0.581 0.251 28.3 513 0.795 0.502 28.0
0.802

0.542

HoFe,D, 69.6 0.579 0.251 28.9 30.4 0.793 0.498 28.0
0.801

0.542

*ErFe,D, 92.0 0.579 0.252 30.6 8.0 0.790 0.493 27.8
0.801

0.544
*YFe,D, 100 0.585 0.257 28.9

0.808

*Data from Ref. [2]

6.2.2. Y, .Dy.Mn,Hs Pseudobinary Hydrides

So far, it was reported that the RMn, compounds with R = Y, Gd, Dy, Ho and Er
can form hydrides or deuterides with 6 H(D)/f.u. [5,3,69,70]. These phases crystallize
with a different cubic structure than their parent RMn; compounds. These compounds
are isostructural to complex metal hydride like Mg,;FeHg with K;PtClg type structure

[39], but here the Mg site is replaced by a disordered substitution of R and Mn atoms.
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This means a complete structural reorganization of parent RMn; alloys upon H
absorption. It was interesting to learn whether similar reorganization can occur in
pseudobinary alloys in which Y was substituted by a rare earth like Dy.

Y 1.xDyxMn,; compounds with x = 0.1, 0.25, 0.75 and 0.9 were exposed during 14
days to 1 GPa of hydrogen at 373 K. Single cubic phases, isostructural to YMn;Hg and
DyMn;H¢ were obtained. Their cell parameters and cell volumes are reported and
compared to their parent compound values in Table 6.4. The Y for Dy substitution
leads to an increase of the cell parameters of the intermetallic compound whereas a
slight decrease of the cell parameter is observed upon Y for Dy substitution in the
hydrides. This shows that in the RMn,H¢ phase the cell parameter is not very sensitive
to the size of the R element. These results indicate that the structural stability of the
RMn; D¢ phase does not depend on the nature of the rare earth element for R =Y and
heavy rare earth. On the other hand, several trial to obtain this cubic phase for light

rare earth with R = Nd and Pr were until now not successful.

Table 6.4. Cell parameters of Y, ,Dy,Mn,; intermetallic and hydrides

Parent compound Hydride
Sample 3 3
a (nm) V(nm”) a (nm) V(nm”)
DyMn;,Hs 0.7587 0.4367 0.6717 0.3031
Dyo9Yo.1MnyHe 0.7586 0.4366 0.6711 0.3022
Dyo.75Y0.2sMnzHg 0.7600 0.4389 0.6710 0.3021
Dyo.25Y0.7sMnyHg 0.7631 0.4444 0.6709 0.3020
Dyo.1Yo9Mn;Hs 0.7659 0.4493 0.6707 0.3017
YMn;Hg 0.7660 0.4495 0.6707 0.3017
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6.2.3. YsMn,; — H, and YMn,; — H, Systems

Hydrogenations of Y¢Mny; and YMn; have been carried out at 1 GPa hydrogen
gas and 373 K for 5 days by using high pressure apparatus in our laboratory. The bulk
samples were crushed with acetone to inhibit oxidation and their crystal structures
were analyzed by XRD. Then the crushed samples were placed in the high pressure
vessel which was evacuated for one night at 373 K. Hydrogen gas was introduced into
the evacuated vessel gradually up to 0.2 MPa, and after this preliminary hydrogenation
the pressure was increased to 1 GPa (H;). After syntheses are finished, the XRD data

of hydrides were measured and compared with those of parent samples.

Fig. 6.26 shows XRD patterns of the Y¢sMn,; parent sample, and for the reference
the peak positions of Y¢Mn;,; taken from PDFMaint JCP2. Lattice parameter of the
parent YsMn;; sample is a = 1.243 nm and its unit cell volume ¥ = 1.921 nm?. These
values are in good agreement with the reference data [43]. Small amount of YMn; was

only contamination of the sample.
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Fig. 6.26. Peak pattern of Y,Mn,; parent sample.
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Fig. 6.27 shows peak patterns of Y¢Mn,; parent sample and its hydride. The peak
pattern of the hydride was changed drastically from that of the parent sample. The
fitting program of crystal structure WinPlotR led to a space group FmUn and a =
0.669 nm for the hydride. K. Hardman-Rhyne et. al. [23] also deuterized the
compound up to Y¢Mny3D23 and determined the crystal structure by using neutron
diffraction at 4 K. They found that this structure is tetragonal with P4/mmm and lattice
parameters a = 0.903 nm and ¢ = 1.27 nm, therefore very different from our result.
The crystal structure of our hydride differs also from Y¢Mny3Hjs [41], since the XRD
pattern and determined lattice parameter of hydride in our study are surprisingly
almost the same as for YMn,Hs [5,38,71] (Fig. 3.3). This result strongly suggests that
parent structure collapsed and transformed into YMn;Hg-type structure in such way
that four Mn atoms took 4a positions each being surrounded with 6 hydrogen atoms
while remaining yttrium and Mn atoms were located statistically in available 8c sites.
It means that our Y¢Mny; hydride exists in the form of (Y 529Mnyo29)MnHg in the

YMn;Hg-type structure.

Y(,anj; hydride

Lin (Counts)
g

H

]

YsMn;y3 parent sample

2-Theta - Scale

Fig. 6.27. Peak patterns of Y,Mn,; and its hydride with YMn,Hg-type structure.
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Crystal structure of YMn, parent sample was investigated by XRD (Fig. 6.28),
and the result led to ThMnj,-type tetragonal structure (space group I[4/mmm) with
lattice parameters a = 0.860 nm, ¢ = 0.479 nm and unit cell volume V = 0.354 nm’ in
good agreement with the reference in JCP2. Fig.6.29 shows XRD peak patterns of
YMn,; parent sample and its hydride synthesized under high hydrogen pressure. The
pattern of the hydride differed from that of parent sample, and it could be fit to cubic
structure. From peaks at 26 = 23°, 26°, 38°, 55° and 69° it can be seen clearly, even
though back-ground intensity is high, that the pattern of hydrogenated sample is the
same as YgMny; hydride synthesized under high H> pressure and YMn;Hg. As the
result of WinPlotR analysis, lattice parameter was a = 0.669 nm identical with that of
YMn;Hg as shown in Table 6.5. Let us remark that according to our knowledge the
hydrides of YMn;, were not yet reported, whereas the structure of YFe(Ti
isostructural with YMn,, maintains tetragonal structure up to YFe TiH, s during the
hydrogenation up to 1 MPa [44]. It means that we succeeded the first synthesis of
YMn,; hydride with high hydrogen concentration. Moreover the YMn,, transformed
into (Y3/13Mn23/13)MnHg during high pressure hydrogen treatment.

This result is very interesting for the following reasons:

e It is first hydride found for the YMn,, alloy

e [t contains high hydrogen concentration 2H:M ratio

e [t is formed through radical restructurization of the lattice and resulting
hydride is of the YMnyHg-type. This confirms very unusual strong tendency

of manganese to form very stable (MnHg)* anions network.
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Fig. 6.29. XRD pattern of YMn,; and its hydride.
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RMn; series alloys (R=Y, Er, Ho, Dy and Gd) formed RMn,Hg structures at 1
GPa and 373 K through total reconstruction of the parent (Cl14 and CI15) lattice
[5,3,38]. Both Y¢Mn;3 and YMn,; formed also YMn,He-type structures with random
substitution of Y and Mn atoms in 8c site (Fig. 6.30), where the occupancy fraction of
Mn atoms increases as the Mn content in the parent compounds increases. Therefore,

the lattice parameters of hydrides of Y¢Mn,3 and YMn,; are similar to that of YMn; as
shown in Table 6.5.
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Fig. 6.30. Schematic representations of Y-Mn series compounds and their hydride; four

different compounds form YMn,He-type structure at 1 GPa and 373 K.
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Table 6.5. Crystallographic parameters of Y-Mn series compounds and their hydrides.

Lattice parameters

Sample Structure type
a (nm) ¢ (nm)
YMn, Fd!'m (Cubic) 0.768 -
YMn,Hg Fmbm (Cubic) 0.669 -
YsMny;3 Fmim (Cubic) 1.243 -
(Y 1829Mn40/29)MnHg FmEm (Cubic) 0.669 -
YMn,, I4/mmm (Tetragonal) 0.860 0.479
(Y313Mn33/13)MnHg Fm{in (Cubic) 0.669 -

Under high hydrogen pressure we succeeded for the first time to synthesize
novel hydride from Y¢Mn,; with hydrogen concentration two times higher than in
YsMn;y3H,s hydride known so far. In the case of YMn); we got the hydride phase for
the first time. It is especially interesting that hydrides received under high hydrogen
pressure from YMn;, YsMna3 and YMn; in principle are isostructural and have cubic
structure with Fm m space group in which 4a sites are occupied only by manganese
(Mn1) while 8c sites are filled randomly by yttrium and manganese (Mn2) [71] in ratio
depending on the parent composition, thus manganese to yttrium ratio is 1:1, 9:20 and
3:23 for YMn;, Ye¢Mny3 and YMn,,, respectively. This result together with former
received for (Y«Dy|.x)Mn; pseudobinary alloys confirms that 8c positions in Fm{m
lattice of RMnyHg hydrides can randomly accommodate yttrium, rare earth or

manganese in various ratios.
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6.2.4. R;Rh; — H, (D;)Systems

6.2.4.1. Crystal Structures of R;Rh; Deuterides

R;Rh; (R = Ho, Y, Dy, Tb and Er) intermetallics have been deuterized between
0.2 MPa and 1 GPa at several temperature conditions. As shown in Fig. 6.31, Ho7Rh3
absorbed large amount of deuterium and formed deuteride without changes of crystal
symmetry even at pressure as low as 0.6 MPa. The peak positions remained almost
unchanged up to 0.5 GPa if deuterium gas was introduced very slowly at the initial
absorption stage. The rapid introduction of deuterium at 0.3 GPa, 0.5 GPa or 1 GPa
(D2) to the Ho7Rh3 samples resulted in its decomposition as can be seen in the XRD
patterns (Fig. 6.31). For example, the sample exposed to deuterium at 0.5 GPa and 373
K was decomposed whereas the same pressure condition led to the Ho;Rh;Dy
deuteride at 298 K. Thus, rapid deuterium charge and high deuterium absorption rate
caused was cause of the decomposition. E.B. Boltich and coworkers reported that the
number of peaks of Th;Fe;, Th7Cos and ThyNis (ThsRh; type structure) decreased after
their hydrogenations and it was impossible to attribute the hydride patterns to
hexagonal structure [46], but they rather indicated decompositions of the samples. In
the pattern received after deuterium treatment of Ho;Rh; at 0.5 GPa and 373 K (Fig.
6.31) also, the number of peaks decreased and HoH; at 26 = 27° and 28.5°, and one
peak of HoH, at 33.5° can be seen. At 26 = 37°, there is a large peak which can be
indexed as HoH, g according to Shashikala [72]. From our result and these references,
it is clear that Ho;Rh; sometimes lost hexagonal structure by high-pressure deuterium
treatment and decomposed into HoD, 3., and HoD; 7.3, what can be seen at XRD
diffraction pattern. However if reaction was conducted carefully the deuteride was

obtained without change of the crystal symmetry.
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Fig. 6.31. XRD diffraction patterns of Ho,Rh; and the deuterides at several pressures

and temperatures. (*rapid charging with deuterium)

As shown in Fig. 6.32, Dys;Rh;, Y;Rh3; and Er;Rh; also absorbed deuterium
and formed deuterides without decomposition between 0.6 MPa and 0.5 GPa by
introducing deuterium slowly. However, as shown in Fig. 6.33, under 1 GPa and 298

K Dy;Rh3; decomposed into DyD, (CaF,-type) and DyD; (BiF3; or HoHs-type) as can
85



be seen from their peak positions corresponding to those. K. Aoki and coworkers
[73,74,75] who investigated thermal decomposition of DyFe, hydride at 673K found
DyD; and DyDj; in decomposition products. At 773 K, the peaks were sharpened and
dark particles could be observed in bright field image of SEM. In the matter of fact,
the deuterized Dy;Rh; after decomposition had also such darkened particle. For
ErsRh; treated at 0.9 GPa and 298 K the peaks from ErHs; and ErH; can also be seen in
Fig. 6.32 (c). These peak positions correspond to reports from T. Palasyuk, et. al.
[76,77] and K. Aoki et. al. [78] From these results, it seems that the mechanism of
decompositions of R7Rh3 by high pressure deuterium may also be related to strongly
exothermic reaction responsible for uncontrolled increase of temperature. This
reaction is irreversible due to the high stability of deuteride (or hydride) of a rare earth.
The hydrogen equilibrium pressure at plateau region of Er;Rh;—H; system lies below
0.1 MPa at 263 K and the alloy absorbs hydrogen up to Er;Rh3H;;.;5 at these
temperature and the pressure conditions (Fig. 6.34).

The stability of R7Rh; deuteride (hydride) can also be seen in exposing to
vacuum at high temperature condition. Fig. 6.35 shows XRD patterns of Y;Rh; parent
sample (a); deuterized at 0.2 MPa and 373 K (b); and evacuated sample (b) for 5 hours
at 553 K (c). Even though the peaks positions of sample (c) shifted slightly towards
high angle side aft-er the evacuation, their positions are close to those of sample (b). It
means that deuterium (hydrogen) atoms remain in R;Rh; deuteride (hydride) even

after exposure to vacuum and high temperature condition.
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Fig. 6.32. XRD patterns of several R;Rh; compounds and their deuterides: (a) Dy,Rh;
deuterized up to 0.5 GPa; (b) Y;Rh; deuterized up to 0.5 GPa and (c) Er;Rh; deuterized
up to 0.9 GPa. (*rapid charging with deuterium)
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Fig. 6.33. XRD pattern of Dy,Rh; after treatment by deuterium at 1 GPa and 298 K.
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Table 6.6. Crystallographic data of R;Rh; and their deuterides.

Lattice parameters [nm]

Unit cell Volume expansion
Sample
i 5 volume [nm’] [%]

YsRh; 0.976 0.618 0.509 -
Y;Rh;D, 1.029 0.662 0.607 19.3

Dy-Rh; 0.975 0.611 0.503 -
Dy;Rh;Dy 1.026 0.664 0.605 20.37

Ho;Rh; 0.969 0.610 0.496 -
Ho;Rh;D, 1.025 0.661 0.601 21.02

Er;Rh; 0.965 0.607 0.490 -
Er;Rh;D, 1.014 0.655 0.583 19.0
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Deuterizations of RsRh; intermetallics at several pressure and temperature
conditions, resulted in synthesis of deuterides with simple expansions of the lattice
providing the deuterization proceeded gradually (slowly), especially at initial
deuterium absorption. As shown in Table 6.6 all deuterides maintained hexagonal
structure with space group P63:mc with the volume expansions around 20 %.

When a R7Rh3 hydride/deuteride decomposed, we could identify only rare earth
hydrides (RD; and/or RD3) in the resulting diffraction pattern. The Rh peak did not
appear on the XRD patterns. This behavior has also been reported for decomposition
in Gd3T (T = Ni or Co) — H; system, where GdHy peaks appeared without T peaks
although both elements were found in elemental analysis by EDX (Energy Dispersive
X-ray) [79]. Explaining this fact, N.V. Tristan et. al. pointed out that T metals
transformed to a dispersed phase not detectable by the X-ray analysis [80].
Consequently, we concluded that Rh was transformed to dispersed phase like Ni or Co
in references [79,80] since Rh could also be observed in selected arbitrarily two areas
from SEM (Scanning Electron Microscope) image (Fig. 6.36) in a measurement of
EDX for Dy;Rh; deuteride (Table 6.7).

Fig. 6.36. SEM image of Dy,Rh; deuteride.
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Table 6.7. Elemental analysis using EDX for Dy;Rh; deuteride

Area | Area 2
Elements Conditions
Atomic % Atomic %
O (K) 36.09 23.98 Lifetime: 180 sec
Rh (L) 18.66 21.74 Accelerating voltage: 15.0 kV
Dy (L) 45.25 54.28

After deuterization (hydrogenation) of R;Rhs, the deuterides tend to oxidize
rapidly in ambient atmosphere due to the high reactivity of rare earths with O, [81].
Fig. 6.37 shows observation by laser microscope of surface of Tb;Rh3 hydride which
was exposed to air for 2 days. In this figure, it is clear that the hydride was partially
oxidized. Since oxidation of metals or alloys may be obstacle to hydrogen penetration,
we must prevent them from contact with the air. The same should be kept in mind

when hydrides are prepared for further investigations (structural, magnetic etc.).

i 3!

Fig. 6.37. Surface observation of Tb;Rh; exposed to air for 2 days after its hydrogenation,

by laser microscope. Oxidized areas are surrounded with solid line.
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6.2.4.2. Magnetic Properties of Dy;Rh; and Tb;Rh; Hydrides

Comparison of magnetic susceptibilities of Tb7Rh3; and Tb;Rh; based hydrides
measured at 11 kOe is given in Fig. 6.38. At low temperature region the magnetic
susceptibilities of hydrides are markedly higher than for the parent sample like for
Th4Ni; hydride [49,50]. The hydrogen-free Tb;Rh3; has shown reentrant magnetic
properties with antiferromagnetic, ferrimagnetic and another antiferromagnetic phase
[51,82]. On the other hand, the Tb;Rh; based hydrides exhibit only ferromagnetic or
ferrimagnetic ordering at low temperatures confirmed for TbsRh3;Hz7 where residual
magnetizations with large hysteresis was observed at 4.2 K (Fig. 6.39). The
ferromagnetic or ferrimagnetic ordering can be seen at 80 K while the Tb;Rh; sample
has the Curie temperature at 73 K [82]. The hydrides do not have metamagnetic
transitions in contrast to the parent sample in which such transition takes place at 35 K
[82]. The residual magnetization of hydrides is relatively high and large hysteresis of
magnetization curves is observed even at 75 K.
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Fig. 6.40 shows magnetic susceptibilities of Dy;Rh; and Dy;Rh; based
hydrides at magnetic field of 10 kOe. For the parent sample, Curie and Néel
temperatures were found at 34 K and 56 K, respectively [51]. No such transitions were
found for Dy;Rh; hydrides due to the lack of discontinuities on theirs susceptibilities
curves. The reciprocal magnetic susceptibilities of Dys;Rh; hydride show rather
paramagnetic character at least between 30 and 300 K. The change of magnetic
properties upon hydrogenation can be related to both: increasing the distance between
localized magnetic states and to changes in electronic structure due to hydrogen
absorption (hydrogen atoms take positions in the interstitial lattice sites as protons
while their electrons fill up the empty states moving Fermi level towards higher
energy values). The electronic structure change induced by hydrogen can also be
found by XAS (X-ray Absorption Spectroscopy) measurement, for instance, influence
of the H atoms in R;Fe 4B alloys has been observed as a change of K- or L-edge
intensities [83]. From Fig. 6.41, which shows magnetization curves of DysRhj at low
temperature range, it is clear that residual magnetization appears near 30 K and
increases with decreasing temperature. This suggests a possible magnetic transition

into ferromagnetic or ferrimagnetic state which would exist below 30 K [82].
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The resulted magnetic properties of these hydrides were different from those
of parent materials; magnetic anomalies were much weaker than in hydrogen-free
alloys. This can be related to the change of interatomic distance and/or changes in the
electronic structure of the alloy. For each hydride only one magnetic transition was
observed leading to ferro- or ferrimagnetic ordering at 80 K (for Tb;Rh; based
hydride) or 30 K (for Dy;Rh;3 based hydride). Magnetization curves of both, Tb;Rh;
and Dy;Rh; hydrides showed large residual magnetizations at low temperatures region.

At 4.2K both hydrides have ferromagnetic or ferrimagnetic ordered state.
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7. Conclusions

Several novel hydrides were synthesized by using high pressure of hydrogen
(deuterium) gas and their properties were determined. Results can be summarized as

follows:

. High-pressure Sieverts’ apparatus (up to 70 MPa) has been constructed and used

for measurement of isotherms of hydrogen absorption in Zr-based alloys. Both
Zr(Co1xCrx)2 and Zr(Fe | xCrx)2 compounds absorbed hydrogen at 293 K. With
increasing Cr content the hydrogen concentrations in both compounds increased,
the hydrogen equilibrium pressure decreased. Comparing two systems, it became
clear that for the same x value the plateau pressures of hydride formations for

Zr(Co1.xCry), are higher than those of Zr(Fe,.xCry), alloys.

[I.  Parent samples of Zr(Co,«Cry), have cubic or hexagonal structure (ZrCoCr and

ZrCoq 5Cry s are hexagonal). Hydrides of ZrCo; and ZrCo, 3Crg > could be formed

at 1 GPa and 373 K without change of their parent C15 symmetry. These hydrides
are not stable at normal condition and decomposed within several hours.
Formation of hydrides with higher Cr concentrations (e.g. ZrCo,sCrps) was

accompanied with larger expansion of lattice parameters. However, even though

hexagonal samples, their space group did not change during hydride formation. It

was also revealed that the stability of hydrides increased with increasing

concentration of Cr.

III. The lattice parameter of Zr(Co;.<Fey), increased with increasing Fe content but

C15 cubic structure remained in whole composition range. The relative volume

expansion of unit cells AV/V during hydride formation increased with increasing

Fe substitution for Co. Kinetic measurements of decomposition of Zr(Co.xFex)2

based deuterides revealed that ZrCog.Fe; gDy was much more stable than

ZrCoj sFep sDy. It has been proved that the substitution of Fe for Co increased

deuterium content in deuterides and improved their stability.
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V.

VL

VIIL.

(Ti;xZr)Co; (0 < x < 1) alloys and their hydrides were characterized by XRD,
XAS and SQUID. According to XRD patterns both parent alloys and their
hydrides have cubic structure. In spite of very high hydrogen pressure during the
synthesis, we did not receive hydrides of (Ti|.xZrc)Co, for x values lower than
0.50. In-situ XRD of discharging process was studied for (Tio Zrp9)Coz hydride
which is unstable at ambient conditions and rapidly decomposes to the parent
phase. The stability of hydrides improves in following sequence: TiCo; < ZrCo, <
ZrFe; < ZrCrs.

SQUID measurement of magnetization reveals that magnetic moment in
Tip1Zrg 9Coy decreases slightly after hydrogenation. This is attributed to the
weakening of Co—Co magnetic coupling and filling up of the Co conduction band

by electrons from hydrogen atoms.

RFe; compounds (R = Gd, Tb, Ho and Er) with CI15 cubic structure were
deuterized at 1 GPa and 373 K. XRD measurements of received deuterides
detected a mixture of orthorhombic and cubic structure for R = Dy and Ho
whereas only cubic structure appeared for R = Gd and Tb. Since the amount of
orthorhombic phase increases with increasing atomic number of rare earth, it
suggests that the orthorhombic distortion tends to occur for smaller radius of the
rare earth. As can be seen in structure of ErFe;Hs which transforms from
orthorhombic into cubic [29], it is possible that orthorhombic and cubic structure

have close enthalpy of formation.

High pressure deuterium treatment of Dy,Y .xMn; (0.1 < x <0.9) was carried out
at 1 GPa and 373 K for 14 days. XRD measurement of these deuterides revealed
that their structures were identical as YMn,;Dg with Fmim cubic structure. It
means that in the pseudobinary alloys the formation of Fm ' m cubic
DyxY .xMn;Ds deuterides is possible for all Dy/Y atomic ratios. Therefore in
RMn,;D¢ deuterides the positions 8c in their Fm m lattice can be occupied by

manganese and two different rare earth (or yttrium) atoms. On the other hand the
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occupation of positions 4a is more restricted being ‘“‘reserved” only for

manganese.

VII.  Under high hydrogen pressure we succeeded for the first time to synthesize

1X.

hydride of YMn, and a novel hydride of Y¢Mny3 with hydrogen concentration
two times higher than in Y¢Mny3Has hydride reported by Pourarian [43]. It is
especially interesting that hydrides received under high hydrogen pressure from
YMn,, Y¢Mny3 and YMn; in principle are isostructural and have cubic structure
with Fm m space group. All three hydrides have one Mn atom in 4a position
which forms a complex anion with 6 H atoms. Remaining manganese and yttrium
atoms occupy randomly the 8c site with different manganese-to-yttrium

occupancy ratio.

RsRh; alloys with P6;mc hexagonal structure could form their hydrides even at
0.2 MPa with high stabilities in normal conditions. Formation of hydrides was
followed by ~20 % expansion of the lattice. However, quick introducing of

hydrogen to RT3 alloys led to the decompositions of the samples.

The hydride of Tb;Rh; exhibited higher susceptibility than the parent sample.
The susceptibility curve of parent sample indicated reentrant magnetic structures
which disappeared after the formation of hydride. Magnetic susceptibility of
TbsRh3H exhibited ferromagnetic or ferrimagnetic property below 80.2 K. The
reciprocal susceptibilities of Dy;Rh; hydride showed paramagnetic character at
least between 30 K and 300 K. Below 30 K Dy;Rh3 hydride transforms into ferro-

or ferrimagnetic state.
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