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Abstract

The dynamics of interstitial hydrogen atoms and the local structure of the host metal
lattice in Ti-V disordered alloy were investigated by solid state NMR and neutron scatterng
methods to clarify the mechanism of the hydrogen absorption in the alloy, and to characterize
the types of the interstitial sites occupied by H in the Ti-V-H(D) system.

The local structural model around an interstitial hydrogen atom in the disordered Ti-V
alloy was necessary to relate the macroscopic properties of the T-V-H(D) system with the
microscopic informations obtained by NMR and neutron scattering measurements. A cluster
model for the local framework structure of the host alloy was applied. This model assumes that
the interstitial site energy is determined by the interaction between the interstitial atom and its the
nearest neighbor metals. The original model assumes only Tis-iVi type tetrahedral cluster
around the interstitial to guest site but it was modified to incorporate the Ti6.iVi type octahedral
- clusterin order to apply this model to the hydrides with high hydrogen concentrations. The
procedure of the modification of the cluster model was described. Use of this model makes it
possible to interpret the alloy composition dependence of the activation energy for the hydrogen
diffusion or hopping and of the formation enthalpies of the hydride and the deuteride with the
disordered host alloys.

For the disordered metal hydrides, B-Ti1.y VyHx (x ~1 and 0.2 < y < 0.9), the types of
the interstitial hydrogen sites were studied by using incoherent neutron inelastic scattering
(INIS) technique at 50 K. Four peaks originated from the 3-phase were observed in the energy
range between 13 meV and 152 meV. These peaks were assigned to the metal lattice vibrations
and the local vibrational modes of hydrogen atoms occupying the octahedral site and two kinds
of tetrahedral sites. It was found that the occupancy of the octahedral site increases but of the
tetrahedral site decreases with increase in V content in the alloy. The composition dependence
of the site population was analyzed using the cluster model described above, and the short-
range order parameter for the host alloy was determined to be 0.4 which implies that the Ti-V
alloy tend to form microscopically inhomogeneous framework and the distribution of hydrogen
are significantly biased.

2H NMR spectra of B-TijyVyDx (x ~ 1 and 0.2 < y = 0.8) were measured to

investigate the diffusive motion of deuteron. The obtained spectrum shows no remarkable



quadrupole broadening even at 125 K, except that a broad shoulder appeaer in the frequency
region higher than the main peak. The intensity ratio of the shoulder to the total peak appears to
decrease with increase in temperature. The shoulder was assigned to the a-phase which co-

exists with the P-phase. The deuteron diffusive motion was revealed to be rapid enough to

average out the quadrupole interaction.

Local framework structure of metal lattice around the interstitial atom and the dynamics
of the interstitial atoms in disordered metal hydrides and deuterides, B-Ti1-yVyHx and B-Ti;.
yVyDx (x ~1 and 0.2 < y < 0.8) were studied by the 1H and 2H spin-lattice relaxation time (71)
measurements. The present alloy-hydrogen system is in a state of biased disorder with respect
to the host framework. Moreover the highly concentrated guest atoms are interacting strongly
with each other. Therefore the analyses of the dynamics of the guest atoms become very
complex. In the present study the guest motion in such inhomogeneous and strongly correlated
system was approximated by taking account of distribution of the correlation time for the
motion. By applying the BPP theory taking account of the distribution of the correlation time
the activation parameters for the diffusion of the interstitial atoms were determined for all of -
Ti-V-H systems. The alloy composition dependence of the apparent activation energy (Ea) for
the diffusion of the interstitial atoms was discussed with respect to the local framework
structures of metal lattice around an interstitial atom using the extended cluster model. The
magnitudes of the metal-hydorgen and the metal-deuterium interactions were then estimated.
The results of the analysis suggest that the cluster model is valid to dcscribé the local
framework structure and the macroscopic properties such as the formation enthalpy of alloy-
hydrogen system of the disordered Ti-V alloy, and that the local metal-interstitial atom
interactions can be interpreted using the potential parameters determined for pure TiHx and
VHx. It was found that there is a remarkable isotope effect on the potential wells restricting the
motion of the interstitial atoms in between the hydride and the deuteride. The isotope effect on
the guest motion is caused by the mass effect at Ti rich composition, whereas at V rich
compositions isotope effect is caused by both mass effect and the difference in the degree of

deformation of potental wells between the T- and the O-sites.
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1. Introduction

Metal hydrides have been studied over almost a century from the fundamental and
applicative points of view. Studies on the hydrogen storage and on the separation and
purification of the hydrogen isotope. Enormous efforts were made to identify and characterize
simple binary metal hydrides, MHy, and to establish their phase diagrams [1]. Owing to such
extensive works it is now known that almost all the metallic elements in the Periodic Table can
form the hydrides. Among them the IV A (Ti, Zr, and Hf) and the V A (V, Nb, and Ta)
elements have been recognized to form stable hydrides and extensive investigations on the
crystal structure and the electronic and the thermodynamic properties of their hydrides were
performed so far [2]. Recently, for the purpose of realizing lighter materials with higher
hydrogen-absorbing capacity numerous alloy systems among IV A and V A metals, the alkaline
earths such as Mg and Ca, and the rare earth metals such as La draw much attention. For the
above purpose the most interesting host materials are the ternary metal hydrides [3]; Such
ternary alloy systems can be classified into two groups by the type of the host alloy. AOne is the
hydrides of the ordered alloys such as LaNisHx (x < 6) [4] and MgaNiHx (x < 4) [5], which
belong to so-called Laves phase and a lot of host materials with this structure have been known.
The other is the hydrides of the disordered alloys such as Ti1.y VyHx (x = 2) [6, 7] and Nb;.
yVyHx (x = 2) [8]. In former systems the composition and the crystal structure of the host
alloys are well-defined and it is relatively easy to characterize the hydrogen sites and the local
structure around the guest hydrogens. In addition, hydrogen can be absorbed or desorbed at
relatively low temperatures, because the equilibrium pressure of these hydrides is in the range
of several atom at room temperature (ca. ~ 2 atom at 40 °C for LaNis alloy [4]). Therefore,
these materials are much concerned with the industrial field. On the other hand, in the latter
systems the composition of the host alloys can be changed appropriately and the structure of the
host alloys is usually simple, i.e., body-centered-cubic (bcc), face-centered-cubic (fcc) or
hexagonal-closed-packed (hcp). However, these disordered-alloy hydrides have not been
studied extensively in comparison with the Laves phase, because high temperature and high
pressure conditions are necessary to introduce hydrogen into the alloy and these conditions do

not suit the industrial purposes.



Although the researches bf the new host materials have advanced so quickly, the
characters of the metal hydrides, i.e., the state of the hydrogen in the metals, the mechanism of
the hydrogenation of the metal and the ability of the hydrogen absorption, have not been
clarified yet. These points are necessary to understand the physical properties and the
structures of the metal hydrides. In order to investigate the above basic characters the
quantitative evaluation of the interaction among the metals and the hydrogens as well as the
study of both crystal and electronic structures of the hydrides is necessary. One of the methods
to evaluate the interaction among metals and hydrogens in the rﬁetal hydrides is to study the
composition dependence of the thermodynamic quantities and the activation parameters for the
hydrogen dynamics in the hydrides. In a lot of binary metal hydrides such as TiHx and VHy
the structure and the physical properties such as the hydrogen dynamics and the enthalpy of
solution of hydrogen in the host metal have been studied [2]. However, the lattice structure of
almost all the member of the binary metal hydrides varies with the hydrogen contents. So, it is
very difficult to evaluate quantitatively the interaction among the metals and hydrogens in the
hydrides as a function of the hydrogen contents.

In ternary metal hydrides it is possible to change the composition of the metals
consisting the alloy, leaving the hydrogen content constant. To evaluate the interaction
quantitatively, the host alloy has to satisfy the following two conditions ; (1) The alloy assumes
a well-defined monophase over the extended range of composition. (2) The metals consisting
the alloy assume the clear difference from each other in the metal-hydrogen interaction. A
typical material which satisfies these conditions is Ti-V alloy. Ti and V form stable alloy over
arbitrary compositions as shown in Fig. 1.1 [9]. The crystal structure of the Ti-V alloy is bcc
at room temperature, the lattice parameter of which varies nearly linearly with the alloy
composition. The remarkable point in this system is that the Ti-V alloy is a disordered alloy,
that is, it assumes always the disordered structure and any ordering with respect to the
arrangements of the two metal species does not take place. It is noted that the hydrides of the
individual metal, TiHx and VHy, are the most popular metal hydrides, for which a great number
of investigations have been reported on the structures and the chemical and the physical

properties in detail from both the macroscopic and the microscopic points of view [2]. These
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metal hydrides show the clear difference from each other in the metal-hydrogen interaction and
in the way of accommodation of hydrogen. The enthalpy of solution of hydrogen in Ti, which
is one of the criteria for the affinity between the metal and the hydrogen, is -52.98 kJ/mol,
whereas in V it is -31.98 kJ/mol at 573 K [10, 11]. Ti and V accommodate hydrogens in
different sites from each other. Figure 1.2 describes fcc and bce metal lattices and the types of
the interstices in the lattices. In TiHy the hydrogen atoms occupy only the tetrahedral (T-) sites,
although the crystal structure varies as the hydrogen content varies. On the other hand, in VHx
the hydrogen atoms can occupy the octahedral (O-) sites as well as T-sites depending on the
hydrogen content and the temperature. These differences between Ti-H and V-H systems can
be recognized through the measurement of the isotope effect between the hydrides and the
deuterides. The pure Ti has been known to show weak isotope effect; The phase transitions of
TiHj.99 and TiD1 98 from tetragonal to cubic phase occur at almost the same temperatures (310
+ 4 K). In both phases the interstitial hydrogen atoms occupy the T-sites. On the other hand,
the pure V has been known to show strong isotope effect; The hydride and the deuteride show
different phase morphology from each other. The typical example is the phase relations of
VHp 5 and VDp.5s. These hydrides have a monoclinic structure called B-phase in which the
interstitial atoms occupy the O-sites at low temperature. At high temperature the bcc structure
called a-phase appears in which the interstitial atoms occupy the T-sites. There is an
intermediate phase called €-phase for the hydride VHp 5, which is isomorphous with the p-
phase but with different arrangement of hydrogen atoms, on the other hand no €-phases exists
in the deuteride. When the hydrogen and/or deuterium atoms are absorbed in an alloy
consisting of Ti and V, it is expected that hydrogens behave in a different manner from those in
the above two pure metal-hydrogen systems because the local metal-hydrogen and/or metal-
deuterium interaction and the types of the interstitial sites accommodating the hydrogen atom in
the alloy are considered to be significantly different from those in individual pure metal
hydrides. Thus Ti-V alloy is one of the most suitable material for examining the interactions
among the metals and hydrogens in the metal hydride.

Next, the characteristics of the hydride for Ti-V alloy are described. The alloy absorbs

hydrogen up to 2 in the molar ratio of hydrogen to metal atoms [6]. The hydrides have three



Figure 1.2 The types of interstitial sites in bce and fec host lattice.



different phases depending on the degree of hydrogenation. The relation between the hydrogen

concentration and the three phases is described schematically as follows;

phase a.-phase B-phase y-phase
host lattice bee bece, bet fcc
H site T-site ? T-site
(6]  a+pB B+y
0 1 2

x / Hydrogen concentration

Hydride with very low hydrogen concentration (i.e. x < 0.1 in Ti1.yVyHx ) are called
"o-phase” in which the metal atoms form a bec lattice. The hydrogen diffusion in this phase
was investigated by means of the resistivity measurement [12,13]. These studies revealed that
the hydrogen is diffusing randomly over the tetrahedral sites (T-sites see in Figure 1.2), and the
diffusion constant D varies from 10 at 40 °C to 10* cm?/s at 200 °C. The pressure-
composition isotherms were measured for the alloy composition from Tig.01Vo.99 to Tio.3Vo.7
and the standard enthalpy and entropy of solution of hydrogen were determined in the alloy
[14]. The standard enthalpy varies from -31.7 kJ/molH to -43.5 ki/molH and the standard
entropy varies from -56.7 J/K molH to -47.5 J/K molH, as the alloy composition changes from
Ti0.01Vo.99 to Tip.3Vo.7. The composition dependence of the enthalpy of solution of hydrogen
and the activation energy of hydrogen diffusion in the alloy were examined by Brouwer et al.
[15]. They succeeded to explain the composition dependence of the enthalpy of solution of
hydrogen and the activation energy of hydrogen diffusion in the alloy by means of a cluster
model which takes account of microscopic inhomogeneity in the arrangement of Ti and V
atoms. They applied this model to Ti-V-H system in which the hydrogen atoms are assumed to
be distributed among the "T-sites” only. They determined the short-range order parameter
which measure the degree of inhomogeneity in Ti-V alloy lattice. The short-range order
parameter is one of the most important parameter to characterize the disordered and/or
amorphous alloys. |

The hydride with very high hydrogen to metal ratio (i.e. x ~ 2) is called "y-phase" in

which the metal atoms form a fcc lattice and the hydrogen atoms occupy the tetrahedral site (T-



site) fully [6]. Therefore, it is considered that the hydrogen can hardly diffuse in this phase at
room temperature. The crystal and electronic structure of this phase have extensively been
studied. Nowak et al. [16, 17] investigated the electronic structure of the y-phase by means of
the 1H and 51V NMR and stated that the increase of the vanadium composition in the alloy
brings about the increase in the metallic character of this phase. Nagel and Perkins [6]
investigated the crystal structure of this phase and the structural change associated with the
addition of vanadium to the pure titanium hydrides. They found that the transition point (320
K) of the cubic-tetragonal structural phase transition in TiH; goes up by the partial substitution
of Tiby V but it disappears at the composition of Tig.¢4 Vo.35H2. Switendick [18] performed
one-electron energy band calculations on the electronic structure of Tii.yVyH2.x system and
gave a qualitative interpretation of the cubic-tetragonal structural phase transition in terms of its

relation to the existence of degenerate state at the Fermi level.

At the intermediate region of hydrogen content between the .- and the y-phases, the Ti-
V alloy forms monohydride which is called B-phase. The existence of this phase was found for
the first time by means of a measurement of the pressure-composition isotherm by Ono et al.
[7] between 80 and 150 °C as shown in Fig. 1.3(a) and (b). They observed a plateau-like
depression in the pressure-composition isotherms around H/M = 1.0 for Tip2Vp.s and
Tio.4Vo.6. In this phase the metal atoms form a bcc lattice similar to the a-phase. This phase
was obtained by dehydrogenation of the y-phase under reduced pressure ( < 1 atom ) and above
400 °C. On the precipitation of the B-phase, it has been known that the dehydrogenation of the
Y-phase brings about the phase separation of Ti-V-H system as follows [19, 20] ;

Til-nVnHm = a"Ti]-xVxHy + B'Ti]-XIVleyI + Y-Til'XZVXZH}'2 + r-TiHy3 )

where the a'-phase has a hep structure similar to the a.-Ti phase containing a small amounts of
V and H and appears only by dehydrogenation. Hayashi et al. [21] investigated the fraction of
individual phase and the compositions in the dehydrogenated product using X-ray powder
diffraction and 1H and 51V NMR. They found that the precipitation conditions depends on the

treated temperature and the hydrogen pressure of hydrogenation. The !H and 31V Knight shifts
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Summary of 'V NMR results

Sample B (or a) phase y phase

K FWHM " K* FWHM »

(%) (Oe) (%) (%) (Oe) (%)
B-5 0.598 ND¢ 10 0.038 60 90
B-13 0.609 27 100
B-30 0.646 28 63 0.038 ND 37
C-5 0.008 62 100
C-15 0.002 47 100
C-50 0.636 ND 1 0.004 50 99
D-5 0.609 23 100
D-15 0.693 ND 3 0.012 42 97
D-50 0.670 ND 5 0.010 47 95
B-5-1 - 0.580 22 100
B-15-1 0.566 27 100
B-50-1 0.539 26 100
Cc-5-1 0.631 23 100
C-15-1 0.629 24 100
C-50-1 0.636 23 100
D-15-1 0.670 22 100
D-50-1 0.670 22 100
B-5-0 0.478 25 100
B-15-0 0461 - 26 100
B-50-0 0.461 26 100
C-5-0 0.502 24 100
C-15-0 0.482 29 100
C-50-0 0.498 - 29 100
D-5-0 0.514 27 100
D-15-0" 0.529 27 100
D-50-0 0.523 25 100
Shift from NaVO, aqueous solution with the low field being positive.
®Fraction of this component.
°ND: not determined.
Summary of 'H NMR results?
Sample Narrow component () Broad component (y)

K FWHM ! K M; M, f
(ppm) (Oe) (%) (ppm) (Oe?) (Oe) (%)

B-5 —65 20 8.6 =220 34 2800 91.4
B-15 -54 1.3 82 ND* ND ND 18
B-50 -65 1.8 19.7 =170 30 2500 80.3
C-5 -76 2.1 L7 —~210 40 . 3800 98.3
C-15 -87 22 1.0 -230 42 4200 99.0
C-50 =76 1.5 2.3 -230 43 4400 97.7
D-5 —-42 1.5 100 '
D-15 -54 1.4 6.1 =230 45 4800 93.9
D-50 -54 14 4.6 -220 45 4700 95.4
B-5-1 ~54 1.2 100
B-15-1 -54 1.3 100
B-50-1 —65 22 194 —-130 23 1300 80.6
C-5-1 —44 12 100 ‘
C-15-1 -49 1.4 100
C-50-1 —49 1.3 100
D-15-1 ~-44 1.2 100
D-50-1 —-44 12 100

*The following notations are used: K, shift from TMS, measured at 90.0 MHz; FWHM, full width at
half maximum in the absorption spectra'measured at 90.0 MHz; f; fraction of the component; M,,
second moment; M, fourth moment.

*ND: this value cannot be determined.

Table 1.1 Summary of 1V (upper) and 'H (lower) NMR results (from Hayashi et al. (1990)
[21]). In the table, the samples are represented by the form X-m-n. X( = A, B, C and D)
denote the [Ti}/[V] ratios which are 8/2 (A), 6/4 (B), 4/6 (C) and 2/8 (D). m represents the
hydrogen pressure used to the hydrogenation of Ti-V alloy (m = 5, 15, and 50 atm). n
represents the hydrogen content (# = 1, 0). The dihydrides are represented by X-m, whereas
the monohydrides and the alloys with no hydrogen are represented by X-m-1 and X-m-0,

respectively.



in the B- and the y-phases they determined are listed in Table 1.1. The 31V Knight shift in the
B-phase referred to NaVO3 aqueous solution increases from 0.57 % to 0.75 % with increase in
the V content from 0.4 to 1. In the y-phase, the 1H Knight shift was observed in the range
between -130 and -230 ppm referring to TMS, whereas the 1H Knight shift in the B-phase
increases from -65 ppm to -44 ppm with increase in V content from 0.2 to 0.6. The difference
in the 'H Knight shift in between the f- and the y-phases comes prdbably from higher electron
density of hydrogen in the Y-phase than in the B-phase. They have also measured the 1H spin-
lattice relaxation time (71) for the B-phase to study the hydrogen dynamics and observed a T
minimum below room temperature for Tio.s Vo.4Ho.90, Tio.4 Vo.sHo.79 and Tip.2Vp.gHg. 77, but
did not discussed the hydrogen dynamics in detail [22]. In the high temperature region between
620 K and 830 K, the hydrogen diffusion constants in Tip.92Vo.08Ho.41 and Tig.96 Vo.04Hx (X
= 0.39, 0.54, 0.70) were measured by Sevilla and Cotts [23] using pulse-field-gradient
technique of 1H NMR and they discussed the hydrogen diffusion in comparison with that in -
TiHx whose lattice is bcc.

In the B-phase, the property of hydrogen sites and the hydrogen dynamics below room
temperature have not yet been clarified. Also, although qualitative discussions were done on
the composition dependence of the activation energy for the hydrogen diffusion in the a.-phase
by a few researchers [15, 24], no systematic works have been done on the composition
dependence of the physical properties of the various phases of Ti;.y VyH(D)x system. These
informations are necessary to understand the dependence of the structural change on the
hydrogen content. It is expected that the investigation of the hydrogen dynamics in various
alloy compositions will provide one with the way for evaluating the interaction among Ti, V
and H quantitatively.

The present study aims to investigate the structure of the f-form of Ti-V-H system and
the dynamical behavior of hydrogen atoms in the alloy system by means of nuclear magnetic
resonance and neutron inelastic scattering experiments: these experiments are done on the Ti-V-
H and Ti-V-D systems with various Ti-V compositions. The analyses of the data will provide
informations on the nature of the available interstitial sites for the hydrogen and the deuterium

atoms and the dynamical behavior of the interstitial atoms in the B-phase of the Ti1.y VyH(D)x.

10



In addition, the local framework structure of the -phase will be discussed on the basis of the
nature of the hydrogen dynamics. The final goal of this work is to evaluate the metal-hydrogen
interaction and the short-range order parameter of the Tij.y Vy alloy quantitatively and to discuss
the static and dynamical structure of the B-phase of the Ti1.y VyH(D)x in comparison with those
of the a.- and Yy-phases.

At first, the alloy composition dependence of the activation energy for the diffusion of
interstitial atoms in the -phase will be interpreted by introducing a local structural model with
respect to the central interstitial atom in the Tiy.yVyH(D)x. Thus, the cluster model introduced
by Brouwer et al. [15] which apply only to the hydrogen T-sites formed by a cluster, Ti4.;Vj,
was extended to Ti.; V; clusters with seven configurations which provide guest hydrogen with
both the T- and O-sites in Chapter 2. Chapter 3 describes the sample preparation and the
characterization of the sample by means of X-ray power diffraction (XRD) and differential
scanning calorimetry (DSC). The specific hydrogen sites in the Tii.yVyHx were distinguished
and characterized by means of the vibrational spectra obtained by the incoherent inelastic
neutron scattering measurements, and the alloy composition dependence of the stability of the
individual sites will be discussed in Chapter 4. The dynamics of the interstitial atoms in the Ti;.
yVyH(D)x were investigated by measuring the spin-lattice relaxation times of 'H and 2H. The
~ information on the strength of the metal-hydrogen and metal-deuterium interaction will be
deduced from the alloy composition dependence of the experimental activation ehcrgy for the
hydrogen diffusion, and the isotope effect of the interaction will be discussed in Chapter 5. 2H
NMR spectra were measured to study the deuterium dynamics in the Tii.yVyDx (Chapter 6).
On the basis of the results, the structural feature of the $-phase in the Ti-V-H(D) system will be
discussed from the microscopic point of view in comparison with that of the a- and the y-

phases (Chapter 7).
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2 Model
2.1 The cluster model for disordered A-B alloy

Disordered binary A-B alloy which consists of well-defined crystal lattice and assume
that every lattice point can be occupied by two kinds of metals A and B with equal probability.
In other words there is no long range order with respect to the arrangement between A atoms
and B atoms in the A-B alloy. However previous experiments pointed out that the sub-unit
extract randomly from the ensemble of the A-B alloy will locally possess a certain order with
respect to the arrangement of the metal atoms. Such a local order in the atomic arrangement is
called a short-range ordering of metals. The degree of short-range order of metal atoms is one
of the parameters characterizing the properties of the disordered A-B alloy. Short-range order
parameter 0 which represents the degree of short-range order of metal atoms have been
determined by X-ray [1, 2] and neutron diffuse scattering [3]. The structural relaxation of the
disordered and amorphous alloys is discussed through this parameter from the microscopic
point of view. The structural relaxation of amorphous alloys which takes place during
successive annealing below the crystallization temperature can be separated into the
contributions of preferential topological relaxation and of preferential chemical relaxation. The
former is interpreted by a topological long-range order of metal atoms associated with the
annihilation of the free volume and with the diffusion of different species of metal atoms. The
latter is caused by a chemical short-range order of metal atoms which depends on the atomic
rearrangement [4]. In our model, we will also take account of the short-range order parameter
to describe the local framework structure of metal atoms around a hydrogen atom.

For a random bcc alloy with interstitial atoms which occupy only the tetrahedral sites
and with dilute hydrogen concentrations, Brouwer and co-workers proposed a cluster model
with short-range ordering of metals to interpret their hydrogen diffusion data [5,6]. They
considered A4.iB;j clusters as local structure around a hydrogen atom, and derived the
formulation for the populations of sites A4.iB; in an alloy with the composition A1.yBy [6].
They applied their cluster model successfully to describing the composition dependence of the
hydrogen diffusion coefficients and the activation energy in several disordered alloys with

dilute hydrogen concentrations [7-10]. In addition, the short-range order parameter, which was
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elucidated from the diffusion data by means of the cluster model, has known to agree well with
those deduced by other methods such as X-ray diffuse scattering [1,2].

However, the application of their model is limited to the alloys with dilute interstitial
atom concentrations, because their cluster model takes account of only tetrahedral site as the site
symmetry of an interstice. In the metal hydrides with higher hydrogen concentrations there are
some cases that hydrogen atoms are occupying octahedral sites as has been seen in VHx [11].
The hydrogens in some systems are occupying both of T- and O-site simultaneously as seen in
d-phase of VHx [11]. Especially, in our systems Ti-V-H, the hydrogen or deuterium atoms
occupy both of tetrahedral and octahedral sites as will be described below. Therefore, it is
necessary to incorporate both of T- and O-sites into the cluster model. In practice, we should
adopt the cluster with the composition A¢.iB; as well as A4.iB; cluster as the available site.
Hence, the model consists of the octahedrons with seven different configurations as shown in
Fig. 2.1. In the following section we will extend the Brouwer's formula to make it possible to
calculate the population of As.;B; clusters and apply the formula to calculation of the activation
energy for H(D) diffusion in disordered A-B alloy to analyze the alloy composition dependence

of activation energy.

2.2 Extension of Brouwer's formula
For random distribution, the population of sites of a certain type As.iB; in the Aj.yBy

alloy is given by the binomial distribution,

pi=| ¢ |a -y, @1

In the cluster model proposed by Brouwer and co-workers[6] the inclination of the distribution

of the populations is described by means of a short-range order parameter, 0. O is zero the
completely random distribution of metal atoms, and is defined by the following pair

probabilities (with pa = 1-y and p = y)[12,13] :

16



paA=pA+ (1 -pa)o, (2.23)

DAB=pB - PBO, (2.2b)

where paa is the probability to find an A atom as the nearest neighbor of the first A atom and
PAB is the probability to find a B atom as the nearest neighbor of the first A atom. The pair

probabilities are related to each other by

paa+paB=1, (2.3a)

pAPAB -pEpBA=0. (2.3b)

(Relations for ppa and pgp are obtained by exchanging A and B in the above equations.)

Statistically, the parameter O represents the size of the ensemble consisting of both A
and B atoms. As O approaches zero, the size of the ensemble approaches the infinite value and
the distribution becomes completely random. On the other hand, as absolute value of o
approaches 1 the size of the ensemble approaches zero and the distribution is not random.
~ Physically, these situations represent the pass probability for the phase separation. That is, in
the A1-yBy alloy complete ordering occurs for ¢ = -1. The Phase separations of A;.yBy alloy to
the each metals occurs for ¢ = 1 and As.iBi clusters disappear.

Next we derive the equation for the population of sites of a certain type As.iBi. In this
cluster metal atoms form an octahedron and the resultant cluster has twelve interatomic bonds.
So, the cluster model incorporates all twelve bonds in an octahedron. At first, consider an Ag
cluster. The probabilities to find the first and the second A atoms are simply pa and paa(0) as
represented by Eqgs. (2.2), respectively. Consider a third A atom placed in the cluster. The

probability for this third atom, paaa(0), must be at least paa(0) and at most 1. Modifying Eq.

(2.2a) we get

PAAA = paa+ (1 - paa)o, (2.4)
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and the probabilities form the fourth to sixth A atom cluster are similarly derived as follows:

DPAAAA = PpAaA + (1 - PAAA)D (2.5)
DPAAAAA = PAAAA + (1 - pAAAA)D , (2.6)
DAAAAAA = PAAAAA + (1 - DAAAAA)D . 2.7)

So, each probability can be calculated from the pa and pg. As the result, the probability to find
an AgBy cluster in the alloy is given by

p(i=0, O) = PADAAD AAAD AAAAD AAAAAD AAAAAA (2.8)

as the function of y and 0. Calculations for other clusters are possible with the analogous

expressions described above. The clusters AsB1, A4B2 and A3B3, which represent Ag.iB; with

i=1, 2, and 3, respectively, have the populations derived as follow:

P(i=1, O) = PAD AAD AAAD AAAAD AAAAAD AAAAAB + P AD AAD AAAD AAAAD AAAABD AAAABA
+ DAD AAD AAAD AAABD AAABAD AAABAA t D AD AAD AABD AABAD AABAAD AABAAA
+ DAD ABD ABAP ABAAD ABAAAD ABAAAA + PBPBADBAADBAAAPBAAAADBAAAAA,

2.9)

P(i=2, O) = PADAAD AAAD AAAAD AAAABD AAAABB + DADAAD AAAD AAABD AAABAD AAABAB
+ PADAAD AABD AABAD AABAAD AABAAB + DAD ABD ABAD ABAAD ABAAAD ABAAAB
+ PBPBAPBAAPBAAAPBAAAADBAAAAB + PAD AAD AAAD AAABD AAABBD AAABBA
+ DAD AAD AABD AABAP AABABP AABABA + pAPABPABAPABAApABAABPABAABA
+ PBDPBADBAAPBAAADBAAABPBAAABA + D AD AAD AABD AABBP AABBAP AABBAA

+ DAD ABPABAP ABABP ABABAP ABABAA + PBPBAPBAAPBAABPBAABAPBAABAA
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+ DAD ABD ABBP ABBAD ABBAAP ABBAAA + DBPBAPBABPBABADBABAADBABAAA
+ PBPBBPBBAPBBAADBBAAADBBAAAA » (2.10)

P(i=2, O) = pADAADAAADAAABD AAABBD AAABBB + DADAAD AABD AABAD AABABD AABABB
+ DADAAD AABD AABBP AABBAPAABBAB + P AD AAD AABP AABBP AABBBP AABBBA
+ DADABD ABAD ABAADABAABP ABAABB t D AD ABD ABAP ABABD ABABAD ABABAB
+ PADABP ABBP ABBAP ABBAADABBAAB + D AP ABP ABBP ABBAP ABBABPABBABA
+ PADPABP ABBPABBBP ABBBAPABBBAA + PADABP ABAD ABABP ABABBP ABABBA
+ PBPBAPBAAPBAAAPBAAABPBAAABB + DBPBAPBAAPBAABPBAABBPBAABBA
+ PBPBAPBABPBABBPBABBAPBABBAA t+ PBPBADBAAPBAABPBAABADBAABAB
-+ PBPBAPBABPBABAPBABAADBABAAB + DBPBADBABPBABAPBABABPBABABA
+ PBPBBPBBAPBBAAPDBBAAAPBBAAAB t PBPBBPBBADBBAADBBAABPBBAABA
+ PBPBBPBBAPBBABPBBABAPBBABAA + PBPBBPBBBPBBBAVBBBAAPBBBAAA,

(2.11)

[ p(i=4, 0), p(i=5, 0) and p(i=6, O) are obtained from p(i=2, 0), p(i=1, 0) and p(i=0, O) by
exchanging A and B]. In Egs. (2.9)-(2.11), it is difficult to estimate all of probabilities
composed of p(i, 0) using pa and pg. Two assumptions are made to simplify the equations and
to represent with using pa and pp [6]. At first, the probability paaasaB corresponds to the
chance to find a B atom next to five A atoms. This must be paaaaaB = 1 - paaaaaa, which
fcpresents the influence of five A atoms in an analogous way as for one A atom in pap. The
another probabilities paaaaB, paaaB and paaB are represented by the analogous way in Eq.
(2.3a). Second, in the case of finding an A atom next to B atom, for example, AAABAA, the
influence of one A and one B atom cancel each other, therefore, paaaBaa = paaaa. This
assumption come from the fact that the B atom in the cluster increases the probability to find
another B atom, whereas the A atom decreases it. Using these assumptions, Egs. (2.9)-(2.11)

are rewritten in the following forms,

P(i=1, O) = PADAADAAAD AAAAD AAAAAPAAAAAB + DADAAD AAAD AAAAD AAAABD AAAA
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+ PADAAD AAADAAABDAAAD AAAA + DAD AAD AABD AAD AAAD AAAA
+ DADABP ADAAD AAAD AAAA + DBPBAD AD AAD AAAD AAAA, (2.12)

P(i=2, O) = DADAADAAAD AAAAD AAAABP AAAB + P AP AAD AAAD AAABD AAAD AAAB
+ DADAAD AABDAAD AAADAAAB + DAD ABDAD AADAAAD AAAB
+ DBDBAD ADAAD AAADAAAB + DADAAD AAAD AAABD AABP AA
+ DADAADAABDAADAABD AA + DADABD ADAADAABD AA
+ DBDBADADAAP AABDAA + DADAAD AABDABD ADAA
+ DADABPADABP ADAA + DBPBAD ADABD AD AA
+ DADABPBDBAD APAA + DBPBADBPBAD ADAA
+ PBPBBPBBADBAPAPAA » (2.13)

P(i=2, O) = pADAAD AAAD AAABD AABDAB + PADAAD AABD AADAABDAB
+ PAPAAPAABPABPADAB + DAD AAD AABP ABPBPBA
+ DADABD ADAAPAABPAB + PAPABI;APABPAPAB
+ PAPABPBPBAPADAB t+ DAD ABPBPBAPBPBA
+ DAPABPBPBBPBBAPBA + PAPABPAPABPBPBA
+ PBPBAPAPAAPAABDAB + DBDBAD AD ABDBPBA
+ PBPBAPBDBBPBBAPBA + PBDBAD ADABD ADAB
+ PBDBADBDPBADADAB + PBPBADBPBADBPBA
+ DEBPBBPBBAPBAP ADAB + PBPBBPBBAPBAPBDBA
+ PBPBBPBBAPBBPBBAPBA + PBPBBPBBBPBBBAPBBADBA- (2.14)

These equations are used to calculate the populations of Ag.iB; cluster with short-range order
between metals. To study the effect of O on the populations of As.iB; cluster, the populations
of Ag.iB; cluster are calculated for Ag.5Bg.s alloy by using Egs. (2.2)-(2.11) and are plotted as
a function of o in Fig. 2.2. In the figure the populations when 0 = 0 correspond to the
population of each cluster with binomial distributions. As ¢ = 0, the populations of AsBi,

A4B> and A3B3 clusters are relatively large and the population of AsBog is very small. As o
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Figure 2.2 Simulations of populations of four kinds of As.;B; clusters using Egs. (2.8) and
(2.12) - (2.14) ; AgBo cluster [i = 0] (a), AsBj cluster [i = 1] (b), A4B> cluster i = 2] (c) and
As3B3 cluster [i = 3] (d).
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increases, the population of AgBg cluster monotonically increases and reaches to 0.5 at o = 1.
On the other hand, the population of AsB; cluster initially increases and decreases to zero after
taking a maximum value at 0 = 0.3, and the populations of A4B2 and A3B3 clusters
monotonically decrease and reach 0 with increase in 0. These situations imply that the phase
separation of Ag.sBg.s alloy to pure A and B metals occurs at 6 = 1.

In the present work the above equations will be used to the analysis of the variation in
the population of the hydrogen sites with alloy composition obtained by the neutron inelastic
scattering experiments, and the analysis of the activation energy of the hydorgen and deuterium
diffusion which are determined from nuclear spin-lattice relaxation times. As an example of the
application of this model the composition dependence of activation energy for H(D) diffusion in
A-B alloy is described as the function of alloy composition, y, and of the short-range order

parameter, O, in the next section.

2.3 Application of model to activation energy of diffusion in A-B alloy

In order to obtain the theoretical activation energy for H(D) diffusion in A-B alloy, we
need the energy scheme describing stability of interstitial sites among the clusters. Consider a
simple energy scheme as shown in Fig. 2.3. The interstitial atoms are hopping among the
individual sites, the stability of which depends on the type of cluster which provides the
corresponding sites. Each of clusters Ag.;B; has its characteristic site energy, AHi(y), specified
by the subscript i. The site energy is defined as the energy which is necessary to excite the
interstitial atom in a cluétcr to infinite point. Now an interstitial atom moves form an initial site
(type j) to the nearest neighbor site (type k). Then, the interstitial atom passes through the
saddle point located between the two sites. This saddle point energy is denoted by Q as shown
in the figure. In general, the saddle point energy is correlated with the site energy: if the site
energy decreases, the saddle point energy is also lowered [1]. However, in this model, the
saddle point energy is the same for all of interstitial sites in different clusters due to the
simplification of the treatment. Hence the activation energy Eajk) for hopping from the site j to

the site k corresponds to the difference between the site energy AHj(y) and the saddle point
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energy Q. The activation energy Eajk) for hopping from the site j to the site k is different from
Eaxj) for hopping from the k to j sites, and each of activation energies are characterized by only
the site energy Aﬁj(y) and AHx(y). The total activation energy E, will be derived as the mean
value of activation energies for the individual sites. In other words the total activation energy
E, will be represented by the difference between the average values of the individual site
energies AH;(y) and the saddle point energy Q [6]. It is necessary to calculate the population c;
of interstitial atoms in the clusters As.iB; using the average value of the site energies AH(y).
Assuming that the long-range interstitial-interstitial interaction can be ignored and taking into
acount the metal-interstitial interaction, the population is given as a function of y and o by

Fermi-Dirac distribution using the population of A¢.;B; sites, p(i, 0), as follows [5, 6, 14]:

ci(y, ) = ACRY) , 2.15)
si + exp{[AHi(Y) - # ] /RT }

where u is the chemical potential of the system, and s; is called selective-blocking factor
originated from the blocking effect of the repulsive interactions between the interstitial atom
occupying a site and a new atom which want to entér a nearest neighbor empty site. For
hydrogen atoms in a bec lattice of host metals, good agreement between the experimental and
- the theoretical entropies has been obtéined by taking a constant value si = 4 for the blocking
factor. Also, the analytical treatment for blocking factor were made by Boureau,[15] and the
value (s; = 4) was deduced for high hydrogen concentrations. Hence, we assume that s; = 4.
Using ci(y, 0), p(i, 0) and s; the average site energy (enthalpy of formation) is represented by

[12]

H- . __Si '
i, 0 3 o) 1-- ey, 9 | |

1

(2.16)

So the activation energy for H(D) diffusion, defined by the difference between AH(y, ©) and Q

as described above, is given by
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Ea(y7 0)=0- Aﬁ(y’ o). (2.17)

The analysis of alloy composition (y) dependence of E, with Eq. (2.17) gives a short-range
order parameter for host metals. Also, equation (2.16) can be applied to the analysis of the

experimental thermodynamic quantities such as enthalpy and entropy of formation [6].
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3. Sample
3.1 Preparations

Titanium powder (purity 99.9 %, -100 mesh) and vanadium powder (99.9%, -50
mesh) were purchased from Soekawa Chemical Co., Ltd. and High Purity Chemicals Co.,
Ltd., respectively. Binary alloys Tij.y Vy were prepared by arc-melting of the mixture of Ti and
V powders with the appropriate molar ratios under an argon atmosphere. The five sarhplcs of
Ti1.yVy alloy with y (V content) = 0.2, 0.4, 0.6, 0.8 and 0.9 were used to synthesis of the
hydrides and deuterides.

The alloy buttons were cut to some small blocks with diamond cutter. After washing of
the blocks with acetone the alloys were hydrogenated. In the case of the dihydride and
dideuteride of Tig.g Vp.2 the alloy was degassed for 3 hr at 700 °C, hydrogenated by contacting
with Hz or D, gas of the pressure less than 1 atom at 700 °C and cooled slowly down to room
temperature. For another alloys the syntheses of the dihydrides and dideuterides were carried
out under higher pressure. The alloys in a stainless-steel pressure bottle with the volume of
300 ml were degassed at 500 °C for 3hr. The H; or D, gas was brought into the bottle and its
pressure was kept at 50 atom. The bottle was then taken out from the furnace and cooled down
to room temperature. The H2 or D, gas was absorbed by the alloys in the above procedure and
the final pressure in the bottle was reduced to less than 3 atom. The dihydrides and
dideuterides thus synthesized were crushed into fine powders (less than -200 mesh) by the
stainless-steel mill and the agate mortar.

The monohydrides and monodeuterides were prepared by partial dehydrogenation of the
dihydrides or dideuterides by heating under reduced pressures. The hydrogen and/or deuterium
content in each of hydrides and deuterides was determined up to = 1 % by volumetric method
which measure the volume of the Hz or D2 gas evolved at a high temperature (800 °C). The

compositions of the systems prepared in the present study is listed in Table 3.1.

3.2 X-ray powder diffraction (XRD)
X-ray powder diffraction patterns were measured using Rigaku Electronic Co. RAX01

X-ray diffractometer at room temperature over the range of the reflection angle, 30° < 26 =< 90°.
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The mean X-ray wavelength was 1.5404 A (the mean value of Cu K1 and Ki2). The voltage

and the current through the x-ray filament were 40 kV and 30 mA, respectively.
Figures 3.1 and 3.2 show the x-ray powder diffraction (XRD) patterns of B-Ti.y VyHx

and B-Ti1.y VyDx at room temperature. All XRD patterns consist of a typical bee reflections
which are superimposed by the reflections due to small amount of y-phase (fcc) or y-Ti (hcp).
The hydries contain larger amount of undesired Yy-modifications than the deuterides.
Tio.8 Vo.2Ho 73 contains the largest amount of y-phase. The amount of y-phase in the hydrides
was estimated to be less than 10 % from the ratio of the (110) reflection for bee to the (111) for
fce by taking account of the multiplicity and structure factor for each reflection. Tig.2Vo.8Ho.86
contains similar amounts of Y-Ti and the alloy y-phase. The amount of y-phases coexisting with
the y-deuterides were undetectable and so it was estimated to be less than 1 %. The reflections
are significantly broad in these alloy systems. This suggests that the crystalline lattices are not
ideal and the lattice constants are distributed to some extent in the disordered Ti-V-H(D) alloys.
In both hydrides and deuterides, the (110) reflection locates in the range 37° < 26 < 41° and
shifts linearly to higher angle direction as the V content increases. The mean lattice constant of
each bec lattice was determined from the 26 value of (110) reflection and listed in Table 3.1.
The lattice constants increase linearly with the increase in the Ti content. On the other hand, the
lattice constant is almost independent of hydrogen isotope. Other hydrides prepared in the
present study were also examined by XRD. Figure 3.3 shows the XRD patterns of these
systems. Three hydrides with y = 0.8, 0.6, and 0.4 were confirmed to belong to the bce
lattice. XRD indicates that the hydride, Tip.4Vo.6Ho.92, is a monophase but the hydrides,
Tio.g Vo.2Ho.94 and Tip.1 Vo.9Ho.98, are mixture of the - and y-phases. The amount of y-phase
in the specimen was estimated to be about 20 % for both of Tip.gVo.2Ho.94 and Tio.1 Vo.9Ho.98
from the intensity ratio between (110) reflection for bec and (111) reflection for fcc lattices.
Tip.1Vo.9Ho.98 (Fig. 3.3d) has a body-centered tetragonal (bct) lattice [1] as in the case of pure

metal hydride, B-VH [2].
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Table 3.1 Lattice constants and transition points for -Ti;.y VyHx and

B'Til-yVny
composition lattice constant transition point!)
(nm) (K)
Tip.2Vo.sHo 86 0.320+0.002 -
Tio.2Vo.8Ho 83 0.321+0.002 -
Tio.2Vo.8Do.79 0.319+0.003 192, 255
Tio.4 Vo.6Ho.86 0.323+0.002  eeeee-
Tio.4Vo.6Ho.91 0.326£0.002 -
Tip.4 Vo.6Do.s80 0.325£0.003  ——--
Tio.6Vo.4aHi.1 0.329+0.002 = -
Tip.6Vo.4Ho.91 0.330+0.002 -
Tio.6 Vo.4Do.86 0.329+0.003 254
Tio.8Vo.2Ho.73 0.333+0.002  eeeee-
Tio.8Vo.2Ho.89 0.333+0.002 = -eee--
Tio.8Vo.2D0.79 0.334+0.001 251

1) These phase transition points are determined by DSC measurements.
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3.3 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) were carried out with Rigaku Electronic Co.
Model TAS 100 - DSC 8230 over the temperature range between 120 K and 360 K. The
heating rate was 10 K/min.

For B-Ti1.y VyHy there was no thermal anormaly but endothermic peaks were observed
below room temperature in -Ti;.y VyDx except in Tig.4Vo.6Do.g0. Tio.2Vo.8Do.79 gave two
thermal anormalies at 192 K and 255 K. The former transition had a peak maximum at 220 K
and was accompanied by relatively large enthalpy change. The latter had a peak maximum at
260 K and was accompanied by a small enthalpy of transition. Tig.gVp.2Do.79 gave a thermal
anormaly at 251 K and its peak maximum was 283 K. Tigp.6Vo.4Do.gs gave a small
endothermic peak at 254 K. These thermal anormalies reproduced at the second run of the DSC
measurements. Therefore, the thermal anormalies observed were caused by second order
structural phase transitions or the phase separations. Although the crystal structure at the room
temperature which is the high temperature phase is bcc as described above, the characteristices
such as the crystal structure for the low temperature phases have not been known yet. We will
discuss this point in a later section. The transition points observed by DSC were listed in Table

3.1 with the lattice constants.

References
[1]} S. Ono, K. Nomura and Y. ﬁ<eda, J. Less-Common Met., 72, 159(1983).
(2] T. Schober and H. Wenzl, in Hydrogen in Metals II. The Systems NbH(D),
TaH(D), VH(D): Structures, Phase Diagrams, Morphologies, Methods of
Preparation, edited by G. Alfled and J. V6lkl, Springer-Verlag, Berlin,
1978, pp. 11.
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4. Incoherent inelastic neutron scattering
4.1 Introduction

Incoherent Neutron Inelastic Scattering (INIS) measurements have been applied
extensively to some metal hydrides to study the location sites and the dynamics of hydrogens in
the metallic lattice [1-7]. Energy transfer corresponding to the local vibrational modes of
hydrogen in metal hydrides is observed in the INIS spectra. The excitation energy of the local
vibration of a hydrogen atom, AE, is described by the following equation [6]:

AE(Imn) = E(lmn) - E(000),

where E(lmn) is the perturbed energy of the vibrational level specified by the vibrational
quantum numbers 1, m and n corresponding to the three degrees of freedom. The E(Imn) local
vibrational frequencies of the hydrogen atoms reflect the feature of potential well in which the
hydrogen locates. The shape of the potential well depends on the chemical and topological
environment around the hydrogen atom ( i.e., crystal symmetry, the size of the space which the
hydrogen occupies, degree of lattice distortion and the kinds of host metals). Especially, the
potential energy function and the vibrational energy level scheme for the hydrogen are mainly
governed by the symmetry of the hydrogen site when the metallic species are unchanged.
Therefore, the vibrational spectra of the metal hydrides are used to discuss the hydrogen site
symmetry through the local vibrational modes corresponding to the first excitation which are
observed at the lowest energy range and have the largest intensity than those of the higher
excitation. In addition, if the higher excitation such as the second, third and fourth harmonics
are observed in the vibrational spectra, it is possible to discuss the shape of the hydrogen
potential in the hydrides. For example, the TiH, and VHo 33, which are well-known metal
hydrides, have been studied in detail by INIS [6]. The TiH2 has a fcc lattice, in which the
hydrogen atom occupy the tetrahedral site (T-site). The local vibrational modes of hydrogen
atom in TiHy are triply degenerated and 7w = 147.6 meV at 300 K. The vibrational excitations
are observed at 147.6 meV (first), 285 meV (second), 420 meV (thrid), 540 meV (fourth), and -
670 meV (fifth harmonics). The hydrogen potential is approximately described by a harmonic
potential as shown in Fig. 4.1(a). On the other hand, the VHo 33 has a body-centered-

tetragonal (bct) lattice, in which the hydrogen atom occupies (0,0,c/2) and its equivalent lattice

34



(a)

V(x)

azX

(b)
V(x) = ayx® + asxt
(ag < 0)
(c)
V(x) = agx? + azxt
(ag > 0)

Figure 4.1 Three types of hydrogen potential: (a) Harmonic potential, (b) trumpet like
potential and (c) well like potential.
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points called Oz-site. The degeneracy of the local vibrational modes is removed in this hydride,
and the doubly degenerate in-plane modes are observed at 50 and 57 meV whereas the mode
perpendicular to the plane is observed at 220 meV at 30 K. The hydrogen potential is described
by a well-like potential as shown in Fig. 4.1(b). These results on the TiH; and VHp.33 can be
the starting point for the discussion ofthe potential function in the Ti-V-H system, in which the
hydrogen sites symmetry, the dynamics and the potentials are expected to be discussed in
reference to those for TiHx and VHx.

In this chapter we will discuss the INIS spectra of the hydrides B-Ti;.y VyHx measured
at 50 K in order to investigate the potential energy function for the hydrogen sites and the local
structure of metallic lattice surrounding the hydrogen atom. A cluster model [8] which is
established on the basis of short-range ordering scheme of either Ti or V is applied to determine
the site symmetry of each of the different hydrogen sites and to interpret the dependence of the
population of specified hydrogen site on the alloy composition, from which we try to estimate
the short-range order parameter, 0. The correlation between the distributions of metal atoms,
Ti and V, around a hydrogen atom and the types of sites occupied by the hydrogen atom is also

discussed.

4.2 Experimental

INIS measurements were performed using a CAT spectrometer (a Crystal Analyzer
Time-of-flight spectrometer) [6, 9] which was installed in the neutron scattering facility
(KENS) with the pulsed spallation neutron source at the National Laboratory for High Energy
Physics (KEK, Japan). The energy resolution of the CAT is Ag/e ~2 % over a wide energy
range of 1 - 1000 meV. The correction for the peak intensities was necessary to compare the
intensities between the peaks observed at the different energy regions, because of the intensity
distribution of the incident neutron source. The correction of the peak intensity was performed

by the use of the intensity distribution function function I(A) which is well-defined for the

neutron source in KENS. The hydrides were wrapped with aluminum foil (70 x 70 x 2 mm?)
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and sealed in an aluminum sample cell (70 x 70 x 5 mm3) under the atmosphere of He gas. The

INIS spectra were measured at 50 K and accumulated for 12 hr.

4.3 Results

Figure 4.2 shows the INIS spectra obtained for the four samples with different
composition at 50 K. The spectrum consists of two peaks and two shoulders in
Tip.8Vo.2Ho.94. One peak at 13 meV is relatively narrow and the other at 140 meV is broad.
The two broad shoulders appear at 40 meV and 100 meV. The peak positions and intensities of
two peaks in the spectrum are similar to those for TiH, [6]. However, the spectrum of
Tio.g Vo.2Ho.94 has two shoulders in addition to two well-cicfincd peaks and the line width of
each peak is broader than that for TiHz. In Tip.6Vo.4Hi.1 the specrtum is similar to that of
Tio.§Vo.2Ho.94, although the peak intensity at 140 meV is weaker than that of Tip.gsVo.2Ho.94.
In Tio.4Vo.6Ho.92 the spectrum consists of four peaks; the first peak locates at 13 meV, the
second at 40 meV, the third at 100 meV and the forth at 140 meV. The peak intensities are
comparable to each another except for the peak at the lowest energy. Finally, in
Tio.1Vo.9Ho.98, the spectrum appears to consist of three peaks and one shoulder. The first
peak locates at 16 meV, the second locate at 40 meV and the third at 145 meV. The broad
shoulder is observed at 110 meV. This spectrum possesses the characteristic of the spectrum of
VHo 33 [6]. The above results indicate that the intensities of the peaks locating at 40, 100, and
140 meV depend on the alloy composition. Thus the INIS spectrum of Ti-V-H system can
approximately be represented by the weighted superposition of those of TiH2 and VHp, 33.

It is necessary to estimate the relative intensity of each peak to discuss the composition
dependence of the spectra. The vibrational spectrum of metal hydride has usually been
analyzed by assuming that the spectrum consists of the superposition of three peaks
corresponding to the three normal modes with the excitation energies AE(100), AE(010) and
AE(001). In the present study, it was difficult to analyze using such procedure owing to the
weak intensity and the low signal-to-noise ratio. Thus the gaussian curve fitting of the INIS

spectra was used to determine the integrated intensities of peaks. Four gaussian curves were
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Table 4.1 The peak energies, the line widths I"and relative intensity of the vibrational modes

of a hydrogen atom and a metal lattice in Ti-V alloys, and the number fraction of the

corresponding hydrogen site.

Peak r Intensity fraction
Substance
(meV) (meV) Mmax. (%)
Tio 8 Vo.2Ho 94 13+1 9.7+0.2 1.0  eeee-
’ 363 14.8 1.0 0.04 = 0.01 8.6
99+ 3 13.6 £ 1.0 0.06 = 0.01 7.6
139+ 3 234 +0.5 0.35 £ 0.02 83.8
148 = 23 252 +0.5 0.14+£0.02 ----
Tio.6Vo.4aH1.1 131 8.9+0.3 1.0 e
38+3 18.7+1.0 0.08 £ 0.01 19.3
97 +2 11.0+1.0 0.04 = 0.01 3.7
143+ 2 33.1+0.5 0.27 £ 0.02 77.0
Tip.4Vo.6Ho.o2 13+1 10.1 £ 0.2 1.0 e
‘ 401 16.7 £ 0.5 0.11 £ 0.01 35.7
97 £ 2 12.4 £ 0.5 0.05 = 0.01 8.1
144 = 2 322+1.0 0.14 £ 0.01 56.2
Tio.1Vo.9Ho.98 16 =1 10.1 = 0.2 1.0 -
44 + 1 16.1 £ 0.2 0.38 £ 0.01 93.6
110+ 3 14.7+1.0 0.04 = 0.01 6.4
134 = 33 9.3+0.5 0.18+0.02 -
152 = 32 12.0£0.5 0.21 = 0.03 -

a) This peak is assumed to be originated from the y-phase.

39

-



used to describe the INIS spectra of Tip.4Vo.6Ho.92 and Tip.6Vo.4Hi.1, and five gaussian
curves were assumed for Tip.1Vo.9Hoog and TipgVooHoo94. As TipgVo.2Ho.94 and
Tip.1 Vo.9oHo.98 are the mixtures of the B- and y-phases, an extra gaussian curve was necessary
for these two hydrides to take account of contribution from the y-phase, which was expected to
give an INIS peak around 145 meV by analogy with the spectrum of TiHz [6]. The results of
the least squares' fitting are shown in Fig. 4.2 by solid lines and the parameters used for the

data fitting are listed in Table 4.1.

4.4 Discussion

The peak observed at the lowest energy, which is 13 meV for Tig.gVo.2Ho.94,
Tip.6 Vo.4H1.1 and Tip.4Vo.6eHo.92 and is 16 meV for Tip.1 Vo.oHo.98, has assigned to the
acoustic branch of metal lattice vibrational mode in the crystal [2]. This mode can be ignored in
the following discussion because this mode is independent of the existence of hydrogen. The
integrated intensities of other peaks depend on the Ti conteﬁt, as was mentioned above. This
suggests that the observed peaks are originated from the local vibrational modes of three
different types of hydrogen sites. As described in introduction, we refer to the structure of
TiH2 and VH 33 for the assignmant of the observed peaks to the specific hydrogen sites. The
excitation energies AE(100), AE(010) and AE(001) of a hydrogen atom occupying the O-site in
VHp 33 are 50 meV, 57 meV and 220 meV, whereas the excitation energy of a hydrogen atom
at the T-site in TiH; is 147.6 meV [6]. By comparing the observed spectra with those in
previous works, the peaks observed at 36 meV < € < 44 meV can be assigned to the in-plane
local vibrational modes of a hydrogen atom at the O-site, and those at 134 meV < € < 152 meV
to the local vibrational modes of hydrogen atoms at the T-site. Although the local out of plane
mode at the O-site is observed at 220 meV in VHg 33, the intensity and the S/N ratio in our
spectra are not high enough to discuss this mode. Hence this mode is omitted from the
following discussion. The peak at 97 meV < € < 110 meV locates at an intermediate energy
range between those of the O- and T-sites. In fact, Hempelmann et al. observed a well-defined

peak is the similar energy region (about 108 meV) for ZrV2Has 5, and assigned it to a hydrogen
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atom occupying the Vy site [10]. Although the crystal structure of ZrV,Hy s is different from
that in our system, we assume that Ti-V-H system and Zr-V-H system have similar the local
structure around a hydrogen atom to each other and to assign the peak in this energy range to
the T—site surrounded by four V atoms by referring to Ref.[10]. The hydrogen sites
corresponding to the three peaks are denoted as Ti-, T2- and O-site in the decreasing order of
the excitation energy in following discussion; T-site is the site surrounded by four Ti and T-
site by four V atoms.

Before we discuss the composition dependence of the INIS spectra, we perform the
correction for the coexistence of the y-phase in Tip.1Vo.9Ho.98 and TipgVo2Ho.04. If we
assume that two peaks observed at 134 and 152 meV for Tip.1 Vo.9Ho.98 and a peak observed at
148 meV for Tip.g Vo.2Ho.94 are originated by the y-phase, the fractions of the y-phase deduced
in the neutron scattering experiments are consistent with those in the X-ray diffraction as
interpreted follows. The integral peak intensities of the y-phase are about 30 and 27 % in
Tio.1Vo.9Ho.98 and Tio.sVo.2Ho.94, respectively, of the total integral peak intensities, if the
contribution from the peak at the lowest energy is excluded. To estimate the fraction of the y-
phase in metal atom base we consider the ratio of the hydrogen contents in the B- and y-phase.
For example, the ratio of the - and y-phases in the metal atom base is 70 : (30/2) in
Tio.1Vo.9Ho.98 because the hydrogen-to-metal ratios in the P- and y-phases are 1 and 2,
respectively. Consequently, the fractions of the y-phase in Tip.1 Vo.9Ho.98 and Tio.s Vo.2Ho.94
are 18 and 15 %, respectively, which agree with about 20 % estimated in the X-ray diffraction
experiments.

After removing the contributions from the y-phase and the metal lattice vibration the
resultant spectra consist of at most three peaks. Their intensities and positions vary with the
metal composition of the alloy. The relative intensity of the peak corresponding to the
hydrogen atom at the O-site decreases and the peak position shifts slightly to lower energies
with increasing Ti content in the alloys. According to the simple lattice dynamical model used
by Hempelmann et al. for the assignment of the different vibrational peaks to certain hydrogen
sites [10], the vibrational frequency is proportional to the inverse of metal-hydrogen distance.

Thus this variation of the peak position is considered to be due to the lattice expansion caused
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by Ti incorporation. However, an additional perturbations such as the shape change of the
hydrogen potential might bring about further lower energy shift. For the peaks corresponding
to the T»-site the relative peak intensity is approximately constant, and the peak position is
unshifted within the experimental error except for Tigp.1 Vg.9Ho.98. The peak position 110 meV
for Tio.1Vo.9Ho.98 is greater by 10 meV than those of the other hydrides. We consider that this
shift is caused by the difference in the crystal structure. For the peaks corresponding to the Ti-
site the relative peak intensity increases with increasing Ti content in the alloys and the peak

position is unshifted within the experimental error.

The line widths I in Table 4.1 are relatively large compared with those of other pure
metal hydrides such as TiH2 ,VHy 33 [6] and ZrV;Hy [10], due probably to the lowering of the
site symmetry which causes to lift the three fold degenercy of the local modes for the T-site and
two for the O-site. In addition, the distribution of the metal-hydrogen force constant brought
about by the distribution of the lattice constants due to the formation of the disordered alloys
causes further broadening.

Next, we discuss the composition dependence of the relative number of each hydrogen
site. The occupancy of hydrogen sites is analyzed in terms of only the relative number of
hydrogen atoms at each site in the hydrides because of the difficulty in determining the absolute
occupancy. The integral peak intensities were corrected for the degeneracy of the vibrational
modes; 2 and 3 for the O- and T-sites, respectively. The ratio of the corrected integral peak
intensities gives the relative populations of the hydrogen sites in the Ti-V alloys. The relative
populations of hydrogen atoms at the three kinds of hydrogen sites are listed in Table 4.1 and
are plotted against the content of Ti atoms, 1-y, in Fig. 4.3. The relative population of
hydrogen atoms at the Tj-site increases and that at the O-site decreases with increase in the Ti
content. The relative population of hydrogen atoms at the two sites become comparable when
the Ti content is 0.4. These populations change monotonous but not linearly with the Ti
content, whereas at the T»-site remain constant within the experimental error. The relative
population of hydrogen sites at the latter site is smaller than those at the other two sites. These
results indicate that the types and the number of the hydrogen sites are strongly correlated with

the composition of the host alloys.
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[a—

population of hydrogen site

1-y
(atomic ratio of Ti to Ti+V)

Figure 4.3 The composition dependence of the population of the hydrogen site. The
population of the hydrogen site for the O-site (®), Ti-site (O) and T»-site (A) are plotted
against the content of Ti (i.e. 1-y). The degeneracies of the local vibrational modes of the
hydrogen atom are taken into account to convert the integralated peak intensities to the
population of the hydrogen sites. The lines were calculated values using Egs. (4.1) with 0 =
0.43,n=4andm=5. For Tio.1Vo.9Ho.98, the population of the T;-site arising from the -
phase is too small to be estimated.
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(TigVo)

T;-site A

(T1,V4)

T,-site (Ti;Vs)

O-site (T1pVe)

Figure 4.4 Schematic description of the correlation between the arrangement of metals and
the hydrogen site in the cluster. This scheme corresponds to the case of n = 4 and m = 5; the
hydrogen atom occupys the Ti-site in the clusters from TisVo to TizV4, the hydrogen atom
occupys the Tz-site in the cluster Ti1 Vs and has the hydrogen atom occupys the O-site in the
cluster Tio V.
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Such variation of the population at the hydrogen site is discussed on the basis of the
various octahedral metal clusters which surround the hydrogen atom [i.e. Tis.iVi (i = 0 to 6)].
We now construct a model for the stable hydrogen sites in the clusters, by referring to the
hydrogen sites in pure metal hydridcs such as VHy.33 and TiHz. This model is schematically
shown in Fig. 4.4. The hydrogen atoms occupy the O- or T-sites in the pure metal hydrides
composed of only Vor Ti [15]. The octahedron in VHy 33 is composed of only V atoms and
represented by Tip Vs, whereas in TiH3 it is composed of Ti and represented by TigVp. In our
system the octahedrons are composed of Ti and V and so the seven different configurations can
be realized in Tij.yVy. The affinity of Ti to the hydrogen atom is generally greater than that of
V [11, 12]. The stability of the hyarogcn site is mainly determined by the metal-hydrogen
interaction. In the Ti-rich content the site stability is dominated by Ti-H interaction and the
tetrahedral site is more stable than the octahedral site in a similar with the hydrogen site of
TiHz. On the other hand, in the V-rich content, the site stability is dominated by V-H
interaction and the octahedral site is more stable than the tetrahedral site in a similar with the
hydrogen site of VHp.33. In fact, we measured the temperature dependence of the INIS
spectrum for Tio.4 Vo.6Ho.92 to clarify the potential energy scheme among each hydrogen site at
50 K and 300 K. The peak intensities to the specific hydrogen sites few depended on the
temperature, althought the linewidth of the spectra for Tip.4 Vo.6Ho.92 increases as heating.
This results suggests that the hydrogen atom at the T;- and T2-sites is more stable than that at
the O-site, and supports the above model. The affinity of Ti to the hydrogen atom is generally
greater than that of V [11, 12]. Taking into account the difference in the affinity of metal to
hydrogen between Ti and V and the stability of the hydrogen site, we propose a scheme for the
stable hydrogen site in the cluster; as the configuration of the clusters changes from TigVy to
Tio Vs, the relative stability of the T;-site to the O-site is reduced through the occupation of the
T,-site. The population p(i, O) that a specified cluster, Tis.;V; is realized in the Tiy.y Vy alloy is
given by Egs. (2.2)-(2.11) (replaceing A and B to Ti and V, respectively). The number

fractions of the T7-, T2- and O-sites are then given by
n
P1(0) = ,EOP @i, 9), (4.12)
i=
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i +1

Pr©) = 3 p( o) (4.1b)

and

Poe) = 3 (i) (4.10)

=m+

where n and m are adjustable parameters representing the border numbers between the Ti- and
T2-sites and between the T>- and O-sites, respectively. Parameters n and m must be integers
which satisfy the conditions 0 = n < m < 6. Thus, in this model, the parameter O represents
the degree of the clustering of metal atoms, and n and m determine the types of sites where the
hydrogen atom enters.

Figure 4.5 shows site populations calculated using Eqs. (4.1) for various values of
adjustable parameters, 0, n and m to demonstrate dependence of the calculated site populations
on the parameters. The O-site population has a linear relation with the Ti content at o = 1.
When the parameters n and m are constant and o changes from 1 to 0, the curve for the O-site is
no longer linear, as shown in Fig. 4.5(a). The T2-site population is zero at o0 = 1, and
increases as O varies from 1 to 0 (Fig. 4.5(b)). It reaches a maximum at 1-y = 0.5 irrespective
of the value of 0 at n = 2 and m = 3. The curve of the O-site and the maximum of the curve of
the Ty-site shift from the low concentration side of Ti to the high concentration side with
decrease in n and m, when O is fixed (Fig. 4.5(c) and 4.5(d)). By fitting Eqgs. (4.1) to the
experimental data (Fig. 4.3) we obtained 0=0.43 + 0.05,n=4and m = 5.

The o value obtained is compared with literature values [8] which were estimated by
Brouwer et al. from the activation energy for hydrogen diffusion and the enthalpies of
formation of hydrides in various Ti1-yVy alloys [13-16]. The o in the literature ranges in 0.36
< 0 =< (.51 as listed in Table 4.2. The cluster model derived above might be too simple to
describe the actual local structure in the alloy. In an actual system a hydrogen atom occupying a
site will block a hydrogen atom to enter into the nearest neighbor empty sites (selective-
blocking), and the site occupancies of hydrogen atoms depend on the temperature because of

the differences in the site energy among the three sites. Nevertheless, the O value obtained
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Table 4.2 Short-range order parameter of Tij.y Vy alloys and its annealing temperature.

Source (o} T./K
This work 0.43 quench
Brouwer et al.[8] 0.36 1900
Tanaka et al.[13] 0.51 1270
Pine et al.[14] 0.40 1300 - 1800
Peterson ef al.[16] 0.41
0.39
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Figure 4.6 The populations of the Tis.; V; clusters in the Tio.s Vo.s alloy at two given values
of C.
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using the simplest model in this work is in good agreement with literature values. This results
suggests strongly that the o value is intrinsic for the Ti-V alloy system.

However, the degree of short-range ordering of metal atoms depends on the conditions
of synthesis and thermal treatments and the hydrogen concentrations in Ti-V alloys. Especially,
the annealing temperature is the most effective factor for the relaxation of the structure of the
disordered alloy and will be closely related to the short-range order of the metal atoms. Porscha
et al. [17] found that in the structural relaxation of the amorphous CugsTize alloy the short-
range atomic rearrangement is predominant mechanism at low annealing temperatures, whereas
the long-range atomic diffusion is predominant mechanism at high annealing temperatures.
This result indicates that the annealing at low temperatures affects the short-range order of metal
atoms and that the contribution of the short-range order to the structural relaxation becomes
small with increase in the annealing temperature. Table 4.2 shows that the G value decreases
with increase in the annealing temperature; 0 is 0.36 at T, = 1900 K, and 0.51 at 7, = 1270 K.
This trend is consistent with the result of Porscha et al.. In this work on the Ti-V alloys
synthesized by quenching the melt, ¢ assumes an intermediate value between 0.36 and 0.51
which agrees with the value at 7, = 1300 - 1800 K determined by Pine et al..

The short-range ordcr.parameter, 0 = 0.43 = 0.05, suggests that the clustering of the
- same kind of metallic species occurs in the alloys. The populations of the Tie.iV; clusters in the
Tio.5Vo.5 alloy are calculated for 0 = 0 and 0.43 and the results are shown in Fig. 4.6. Foro =
0.43 the populations of Tiz V4, Ti3 V3 and Tis V2 decreases while those of TipVs, Ti1 Vs, Tis Vi
and Tis Vo increases relative to the case of ' = 0 (the binomial distribution). The population of
Ti3V3 is only 1/6 and the populations of Ti2V4 and TisV, are 1/3 when ¢ = 0.43. The
populations of Ti; Vs and TisV; at 0 = (.43 are twice as much as that at 0 = (), and those of
Tip Ve and TigVy are about 10 times greater. These considerations show that Ti and V atoms
are apt to form clusters between the same kind of metal. Ti and V can form a complete series of
the alloy and the resultant alloys appear to be homogeneous in the macroscopic sense.
However, the present study revealed that the affinity between the same kinds of metals (Ti-Ti
and V-V) is larger than that between Ti and V and therefore, very inhomogeneous distribution

of the composition is realized in the microscopic point of view.
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5. Spin-lattice relaxation time (71)
5.1 Introduction
5.1.1 General description of BPP equation

The random modulation of the dipole-dipole and/or quadrupole interactions, caused by
molecular motion such as molecular ‘rotation, reorientation and translational diffusion, is a
major origin of spin-lattice relaxation in solid materials. The spin-lattice relaxation time, T1,
can be represented by spectral density which is the Fourier transform of the correlation function
of the molecular motion. When the molecular motion is rapid enough and can be represented

by a single-exponential correlation function, g(7) = exp(- |  |/%), the spectral density is given by

(1]

SN 2T
j@ =17 w22’ (5.1)

where 7 is called correlation time of the motion and its inverse correspond to the rate of the
motion. This spectral density leads to the famous BPP equation for 77. For the nuclei with
spin I = 1/2 such as 'H the major interaction is dipolar interaction between like spins 7 or I and
unlike spin S, and the modulation of the dipolar interaction due to the fluctuation of the
internuclear vector by motion is the dominant mechanism for the magnetic longitudinal
relaxation. In the case of like spins as the interacting spins I, the dipolar spin-lattice relaxation

time is represented by [2]

Ti!=Cnf—5,— + —% ], (5:2)
1+ ofd 1+40{%

where wp, = wy is the Larmor frequency for I spins under the static magnetic field Ho (wL =

nHo). In the case of unlike spins I and S, the dipolar spin-lattice relaxation time for spin I is

represented by

- 3, 6T
T =cCis| fe + 2% c 1. (5.3)
1+(1- a0 1+wf@ 1+(1+ 0o
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Ci1 and Cys represent the magnitude of the dipolar interaction which is supposed to be averaged
out by a motional mode. In Eq. (5.3) a is the ratio of gyromagnetic ratio for spin S to for spin
I (o = ys/nt = ws/wr). For quadrupolar nuclei with nuclear spin I = 1 such as 2H, the
modulation of the quadrupole interaction due to the fluctuation of the electric-field-gradient
(EFG) tensor around a nucleus by motion is the dominant mechanism for the magnetic

relaxation. The quadrupolar spin-lattice relaxation time is represented by

2 o2
Ty = A T R 4 (54)
4° 37 h T 1+ 0l 1+ 40id

where the quantity e2Qqg/h is quadrupole coupling constant (QCC) andn is the symmetry
parameter of the EFG tensor.

T:1'! in Egs. (5.2)-(5.4) show a characteristic behavior of the limiting values of the
correlation time : in the slow motion limit (w272 » 1) the T1"! is proportional to wr2, in the
rapid motion limit (w272 « 1) the T7-1 does not depend on the Larmor frequency, and in the
intermediate region (w272 ~ 1) the T71-1 assumes maximum value where it is proportional to
ol

When the temperature dependence of T37! is treated, Arrhenius activation process is

usually assumed to the correlation time of the motion, which is represented by

% = mexp(ES) (5.5)

where E, is the activation energy for the motion. Using this equation, we expect that the
logarithmic plot of the T7 vs. reciprocal temperature 1/7 shows a symmetrical V-shape curve
and its slopes at both sides of the minimum are +Ea/R and -E,/R, from which the activation
energy can be determined. The minimum values of T; are used to determine the coefficients

C11, Cis or QCC. The coefficients Cp and Cis lead to the determination of the mode of the

molecular motion by comparing with the calculated values of theCyy and Cis on the basis of
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suitable model for the motional mode. The value of QCC and 7 can be used to discuss the

electronic structure and to deduce the symmetry of the site at which the spins are located.

5.1.2 Distribution of correlation time

The BPP equations on the basis of the single-exponential correlation function have been
widely used to interpret the dynamical behavior of the condensed matter. However, there are
some exceptional cases, particularly in solids, where the spin-lattice relaxation cannot be
described by the simple BPP equations. There are several cases where the simple BPP theory
does not apply. A type of non-exponential correlation function appears when the motion of the
individual spins is not independent from but cooperative with each other. For example, the
hopping of the ionic charge carriers in the fast-ion conductors are described by a non-
exponential correlation function. For the glassy fast-ion conducting system 0.56Li2S +
0.44Si2S in which Li* is the mobile ion [3], the degree of non-exponential property of the
correlation function depends on the Li* concentration, and only at the extremely dilute
concentrations the correlation function can be approximated by'thc single exponential and the
spectral density of Eq. (5.1) can be valid. Also, the spectral density for the diffusive motion of
particles moving among the well-defined lattice points in the crystals is different from Eq.
(5.1). The spectral densities for such motion were calculated by. Sholl et al. for the simple
lattices such as the simple cubic (sc), the body-centered cubic (bcc) and the face-centered cubic
(fcc) [4-7]. The calculated spectral densities were successfully applied to interpret the
experimental results of 77 in PdHx and PbF; crystal lattice of which are the fcc [8]. The Sholl
theory cannot be applied to more complex structure with lower symmetries. As the well-
defined lattice points are necessary to caluclate the spectral denéity for the diffusive motion, the
application of the theory to disordered solids is extremely difficult. Similar cooperative motions
of the molecules and the functional groups have also been reported by some rescarchers for
some molecular crystals [9]. In the case of system in which variety of interatomic or
intermolecular interactions works there may be distributions of the rate of motion for even a
single motional mode. Consider methyl groups located in the different electrostatic

environment such as in the different fragments in a macromolecules. In such case the three-fold
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reorientation of each methyl group is characterized by the BPP equation, but the rate of
reorientation differ from place to place. The ensemble of these methyl groups as a whole will
have a distribution of the correlation times [10-13]. The disordered solids such as binary or
ternary metal hydrides [14-17] lies in an intermediate situation between above two categolies.
Both an irregularity of environment and some kind of cooperative motion exist in these systems
[18, 19] and hence a distribution of correlation timehas to be taken into account to describe the
molecular motion.

From a formal point of view, we cannot distinguish whether tﬁc spectral density is
originated from the molecular reoriention of which the correlation times is distributed or from a
specific molecular reorientation with a ndn-cxponential correlation function [20]. Under such a
condition the spectral density of the molecular motion can be represented as follows by using a

distribution of correlation times [21]:
i(wO:xlyny.")= A(TC,x17x27...)

where A (1, x1, x2, *-+*) is the distribution function for correlation time 7c and {x;} is a set of
parameters characterizing the distribution of 7. The distribution function A is normalized to

unity:
f A(Te, x1, %2, ** * )dre=1. 5.7
0

Since the Fourier transform is a linear operation, A gives rise to the reduced correlation

function;

]

gt x1,x2, " )=r[ A(re, x1,x2, " °* )c’|‘|/’cdrc. (5.8)
Jo
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The frequency dependence of the T7 derived from Eq. (5.6) are usually different from that of
the simple BPP formalisum, depending on the form of the distrubution function.

Temperature dependence of T is evaluated from Eq. (5.5) by replacingz,, 7 and E,
with Tem, Tom and E,?PP, respectively. The parameters 7cm and 7oy are mean correlation time
and mean pre-exponential factor, respectively, which are the values at the maximum point of the
distribution function for the correlation time and the pre-exponential factor, respectively. E,2PP
is an apparent activation energy. To describe the temperature dependence using Eq. (5.5) with

newly defined parameters Beckmann has introduced a useful parameter S = In(7/7cm). Using S

he defines a new distribution function F(S) as [21]
F(S)dS = A (t)d, 5.9)
F(S) = temeSA (7). (5.10)

Using Eqs.(5.6), (5.9) and (5.10) the spectral density for the motion and hence the BPP

equation for 77 with distribution of the correlation time are obtained.

| 5.2 1H NMR
5.2.1 Experimental

1H NMR measurements were carried out with a Bruker Model CXP-100 pulsed
spectrometer with an electromagnet. The proton spin-lattice relaxation times (77) were
measured using the 90° - T - 90° methods in the temperature range between 105 and 400 K at
four frequencies, 9, 22.5, 52 and 90 MHz. The experimental uncertainty was less than = 5 %.
The temperature was controlled with the accuracy of = 1 K by Bruker variable temperature unit
VT-1000 by the flow of cooled or heated nitrogen gas. The hydrides used for the T
measurements had the following compositions ; Tip.6Vo.4Ho.91, Tio.4Vo.eHo91 and
Tip.2Vo.8Ho.83 which were prepared by S. Hayashi et al. [22], and Tigp.8Vo.2Ho.89,

Tip.4Vo.6Ho.86 and Tio,sz_gHo,gs which were prepared in this work. The samples were
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sealed into glass ampoules (10 mm¢ and ca. 100 mm long ) with He heat exchange gas (~ 150

mmHg).

5.2.2 Results and Analysis

The proton magnetization recovery curves for Tip.g8Vo.2Ho.89, Tio.6Vo.4Ho.91,
Tio.4Vo.6Ho.91 and Tip.2Vo.g8Ho.83 were described by a single exponential decay over all
temperature range of measurements. For Tio.4 Vo.6Ho.86 and Tio.2 Vo.8Ho.86, the recovery of
the magnetization showed the non-exponential decay depending on the temperature. The
magnetization recovery curves for Tio.4 Vo.6Ho.86 (163 and 200 K) and Tip.2Vo.sHo.86 (182
and 267 K) are shown in Fig. 5.1. In both hydrides the recovery curves at high temperature
above 200 K show a single exponential decay, whereas at lower temperature show non-
exponential decay. The degree of the non-exponential decay was relatively small. Two origins
of such non-exponential behavior are considered; one is the co-exsisting of multi-phase brought
about by phase separation, and other is existence of the cooparative motion of the protons in
these systems. It is difficult to clearify which origins are dominant. In this work the spin-
lattice relaxation times T'1 were represented by the apparent 77 values, i.e., the time at which the
longitudinal magnetization decays down to 1/e of the equilibrium value. The 1H T values at

four Larmor frequencies for Tio.sVo.2Ho.89, Tio.6Vo.4Ho.91, Tio.4Vo.sHo91 and
Tio.2Vo.8Ho.83 are plotted against the reciprocal temperature in Fig. 5.2 (a) - (d), and the 1H Ty
and the apparent 77 values of Tig.4aVo.6Ho.86 and Tip.2Vo.8Ho.g6 at 22.5 MHz are plotted
together in these figures.

The protonT; values in Tio.4 Vo.6Ho.8¢ and Tio.2Vo.8Ho.86 were in good agreement
with those in Tio.4 Vo.6Ho.91 and Tip.2Vo.8Ho 83, respectively, suggesting that the T1 .valucs in
these hydrides not depend on the samples prepared using the different lot of Ti-V alloy. The
minimum of T values was observed in each of all samples. The values and the temperatures at
whichT7 assumes minimum depend on the composition of the Ti-V alloys. For example, the
temperatures at which the 71 minimum was observed at 9 MHz are 174, 200, 215 and 217 K
for Tio.2Vo.8Ho.83, Tio.4 Vo.6Ho.91, Tio.6 Vo.4Ho.91 and Tio.sVo.2Ho.g9, respectively. The T1

minimum value is longer as the V content becomes lower in the alloy : The minimum values of
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Figure 5.1 Recovery curves of 'H magnetization in B-Tio.4Vo.6Ho.86 (upper) and B-

Tio.2Vo.8Ho.86 (lower).
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Figure 5.2 Temperature and frequency dependence of 'H spin-lattice relaxation times (T7) for

Tio.8Vo.2Ho.89 (a), Tio.6Vo.4aHo.o1 (b), Tio.4Vo.6Ho.01 (c) and Tip2Vo.sHogs (d).

The

resonance frequency is 9 MHz (@), 22.5 MHz (O), 52 MHz (A) and 90 MHz (4).
Temperature dependence of 1H Ty for Tig.4Vo.¢Ho.86 and Tip.2Vo.sHo ge at 22.5 MHz are
plotted in (c) and (d), respectively, using the symbol (X) . Solid lines are the theoretical T

calculated using Egs. (1)-(9). The top broken line shows the contribution of the conduction

electrons, in which Korringa constant K is assumed to be the weighted average of K's for TiHy

and VHy.
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T; were 3.8, 5.2, 7.5 and 18 ms for Tig.2Vo.8Ho.83, Tio.4 Vo.6Ho.91, Tio.6Vo.4Ho.91 and
Tio.sVo.2Ho. 89, Tespectively.  These results indicate that the 'H-31V dipolar interaction
contributes dominantly to the total proton relaxation. The slopes of T1 vs. 1/T plot were
different between higher and lower temperature regions than the 77 minimum. The slope in
higher temperature region is steeper than in the lower temperature region. On the basis of the
above-mentioned dependence of 1H T on the temperature and frequency for the B-Tij.y VyHx
the relaxation data are analyzed to obtain the activation parameters for hydorgen dynamics in the
hydrides. The detailed procedure is described below.

For B-Tii.y VyHx the proton spin-lattice relaxation is caused mainly by the fluctuation of
the nuclear dipolar interaction due to the diffusional motion of protons. The total spin-lattice

relaxation rate (T171) is therefore contributed by following three components [23]:

T1-1=T1(i-%H)+T1(i}V)+Tle-1 (511)

under the assumption that the spin-temperature concept holds, where Timm)! is the
contribution of the H-1H dipolar interaction, T1uvy™! that of the 1H-51V dipolar interaction and
T1e! that of the interaction of 'H with conduction electrons which satisfies the Korringa
relation, T1e-T = K, where K is a constant. Contributions of the 47Ti-1H and “°Ti-!H dipolar
interactions to the total T are negligible.

The BPP relaxation equations for Ti@my’ and Timv)y!, generalized to include the
distribution F(S) of correlation times, can be written as follows by using Eqs.(5.6), (5.9) and

(5.10) [10, 11, 19]:

+00

- 4T,
Ttm=Cm] FE)[—=—+ c__1dS (5.12)

0 {.oo 1+ 0t 1+40ftd

and
e 3 6

Tiiv=2Cav] FS)] LS I L/ S— L 1ds

e Lo 1+4(1- @20l 1+40f 1+4(1+ o)lwi?
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(5.13)
where Cyg and Chy are the dipolar strengths representing the magnitudes of the parts of dipolar
interactions which are averaged out when the hydorgen diffusion takes place. wry, is the Larmor
frequency of 1H and « the ratio of gyromagnetic ratio of 51V to 1TH (yv/yx).

In Eq. (5.12) and (5.13) 7 is the correlation time describing the fluctuation of the 1H-
1H dipolar interaction by the proton diffusion. Using this correlation time the effective
correlation time describing the fluctuation of the 1H->1V dipolar interaction is given by 27.
The temperature dependence of the correlation time is represented by Arrhenius' activation law

using the activation energy E,?PP and the pre-exponential factor zm for the proton diffusion, as

described in Eq. (5.5),

app

e = Tomexp(C) (5:14)

when the fluctuations can be approximated by a thermally activated process.

The dipolar strengths Cyy and Cyv bring about information about the relative
arrangements of the nuclei. These constants are thc function of both the interatomic distances 1j
for H-H pair and 1j for H-V pair and the concentration of the H and V nuclei. These constants

are theoretically represented by

Chn = % AT + Dx Y, 1, (5.15)
- i
and
Cuv = 12; Yy S (S + Dy Y, 1°, (5.16)
: ;

on the basis of the structural model [2, 4-6]. In those equations x is the content of H atom in
the Ti;.yVyHx and y is the content of V atom in the Ti;.yVyHx. The x and y are equal to the
probability for finding H and V on each lattice point, respectively. I and S are nuclear spin
quantum number for 1H (I = 1/2) and 31V (S = 7/2), respectively. The summations with

respect to 1; and 1j are taken over the all lattice points occupied by hydrogen and metals.
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We represent the distribution of the correlation times by a gaussian or lognormal

distribution, as has usually done. The gaussian distribution is represented by [10,11]

F(S)=—1— exp(Qsz/ﬂ 3. (5.17)
BT

If 7om is assumed to be approximately equal to m, the parameter S can also be represented by S
= (Ea®PP - E3)/RT . Usin this relation, the distribution function Eq. (5.17) gives a gaussian
distribution of the activation energy. In this case, apparent activation energy E.?PP is a value at
the maximum point of the distribution for activation energy (hereafter, we denote simply this
paramctcf as Ea). As Eq. (5.14) is used to specify the temperature dependence of correlation
time, there are two origins causing the distribution of the correlation time: one is the pre-
exponential factor and the other the activation energy. It is reasonable to consider that these two
distributions are mutually independent. Introducing the distribution pérameters Bo and Bq to
characterize the distribution of the pre-exponential factor and the activation energy, respectively,
we can show that the total distribution parameter 8 in Eq. (5.17) has temperature-dependent and

is represented by [24]
2 2 5
B =Po + (BaRT)". - (5.18)

Equation (5.18) implys that Bo predominates the distribution of the correlation times as the
temperature approaches infinite, while Bq govemns thedistribution at low temperature. In other
words, at infinite temperature the distribution of correlation times is governed by a single pre-
exponential factor, and on cooling the contribution of the distribution of the activation energy to
the distribution of the correlation times become effective. The variation of T1 vs. 1/T curve
with the change in B and Bq are shown in Fig. 5.3 (a) and (b), respectively. In Fig. 5.3 (a)
the change in By is affects the curvature around 71 minimum of 771 vs. 1/T curve; the V-shape
of the 71 vs. 1/T curve rounds out and the minimum value longer with increase in B¢ (increase
in the width of the distribution of the pre-exponential factor). On the other hand, the change in

Baq affects the slope of T1 vs. 1/T curve as shown in Fig. 5.3 (b); the slope of T1 vs. 1/T curve
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at lower temperature than the temperature of 77 minimum decreases drastically and the
minimum value becomes longer with increase in S (corresponding to the increase in the width
of the distribution of activation energy), although the slope at the higher temperature than of T;
minimum varies only slightly with Bq.

In order to fit the experimental relaxation data and to derive the valuable information on
the proton dynamics in Ti-V-H system we have to determine the six parameters, Cun, Cnv, Bo,
Bo, Tom and E,. The fitting procedure to fix these parameters will bring about the unambiguity
and unreliability in these parameters. We then make some assumptions to the fitting parameters
%m, Crmand Chyv.

First we attempt to fix the pre-exponential factor, om. Physically this parameter implies
the reciprocal frequency factor of the fluctuation at infinit temperature, and the two types of
assumption have been made by previous researchers [25-28] ; One is the simple assumption ]
= vo-1 which was proposed by Walstedt et al. for diffusion of Na* in Na-almina [25]. v is a
local vibrational frequency of the solute atom in an interstitial position. Other is more
complicated assumption 7y = nvp-lexp(AS /R) which was proposed by Wert and Zener for
diffusion of C and N in a-Fe [26]. n is the number of the nearest neighbor sites and AS is an
entropy of excitation. In this workwe assume that %m = 1/2v%! which was proposed by
Walstedt ef al. [25]. v is a local vibrational frequency of hydrogen atoms in Ti-V alloy which
was determined by the neutron scattering experiments for each hydrides as described in a
previous section. We identify the value of the frequency of the most intense peak to (2%om)’!
in each hydride and value of vy is listed in Table 5.1.

Next we look for a method to evaluate the dipolar strenghts for 1H-1H and 1H-51V.
When the dipolar interaction is completely averaged out by the isotropic hydrogen diffusion,
these parameters for 3-Ti-V-H system are equal to the rigid lattice values. These values can be
calculated using Egs.(5.15) and (5.16), if the spacial arrangements of the lattice points for both
H and metals are known in the bec la.tticc. We found by the neutron scattering experiments that
the hydrogen atoms are distributed at two kinds of tetrahedral (T;- and T-) sites and an
octahedral (O-) site and the dominant hydrogen site is specified by the alloy composition. The

Ti-site predominates at Ti-rich composition but the O-site does at V-rich composition. As the
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Table 5.1 Hydrogen and deuteron local vibrational frequencies in Ti-V alloy

Substance wia Db 7 9 7P 9

(meV)  (meV) (10145) (10'145)

Tio.2Vo.sHo.83 449 4.7 -
Tio.4Vo.6Ho.91 144 - 1.5
Tio.6Vo.4Ho.91 143 - 1.5 ——
TIo.8 Vo.2Ho.89 139 - 1.5 —
Tio.2Vo.8Do.79 - 31 — 13.0
Tio.4Vo.6Do.80 --e- 102 - 4.2
Tio.6 Vo.4Do.86 e 101 — 4.2
Tio.sVo.2D0.79 ---- 98 - 4.2

a) evaluated by incoherent inelastic neutron scattering for $-Ti1.y VyHx

the energy of the peak intensity of the local vibrational mode.
b) These values are derived from vt using Eq. (5.23).

c) These values are calculated by using the relation, ImeV = 0.2418 THz.
d) The experimental value for Tig .1 Vo.9Ho.98.
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fraction of T>-site is relatively small, this contribution to C is assumed to be negligible (T;-site
is denoted as T-site in the following discussion). To calculate Cxy and Cyv theoretically, the
model structure of bec unit cell, in which the hydrogen atoms populate the O-site and T-site
independently, are made as shown in Fig. 5.4. In Fig. 5.4 (a), the hydrogen atoms locates at
0, 0, 1/2), (1/2, 1/2, 0) and their equivalent positions (O-site) to form a bcc lattice. If the
hydrogen atoms occupy the all O-sites, the maximum molar ratio of hydrogen atoms to metals
is 1. On the other hand, there are four T-sites on each of the surfaces of a cube, as shown in
Fig. 5.4 (b). For example, available sites to a hydrogen atom are (1/4, 0, 1/2), (1/2, 0, 1/4),
(1/2, 0, 3/4) and (3/4, 0, 1/2) on the xz plane projected along the y axis. However, it has been
known that when a hydrogen atom enters a specified interstice of the metal lattice, the other T-
sites located within 2.1 A from it the first one are necessarily blocked for other hydrogens to
enter there [29, 30]. Because the lattice constant are 3.2 ~ 3.4 Ain B-Ti1.y VyHx, the distance
between the nearest T-sites is less than 2.1A. Hence, only one T-site among four can be
populated by one hydrogen atom. Under this condition the maximum molar ratio of hydrogen
atoms to metals is 1.5.
Under such restrictions on the distribution of hydrogens on the interstitial sites we
calculated the lattice sum of H-H and H-V distances in the f-form of Ti-V alloy. The lattice
sum Y 1;°¢ for the H-H vectors is 50.47a¢™6 for the T-sites and 29.04ay® for the O-sites. The
| lattice sum Y, ;-6 for the H-V vectors is 146.53a¢° for the T-sites and 169.56a¢® for the O-
sites. In the actual system it has been known that the hydrogen atoms are distributed at both the
T- and O-sites simultaniously with a fraction determined by the composition of the Ti-V alloys.
In this case, the hydrogen atoms cannot occupy both the T- and O-sites simultaniously withiﬁ
2.1 A and the value of the lattice sum for ¢ach vector will be the value between for the T- and
O-sites. Hence, the theoretical dipolar strengths can be given by the weighted average between

the dipolar strength of the T-and the O-sites with the metal composition y, as follows:

Crn(av.) = y* Crr(O-site) + %[ 1-y ] Cru(T-site) (5.19)

and

Cuv(av.) = y* Cuv(O-site) + [ 1 - y |- Cav(T-site) . (5.20)
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Cun(T-site), Cun(O-site), Cuv(T-site) and Cyv(O-site) are the individual dipolar strengths
given by Egs. (5.15) and (5.16). The factor 2/3 (the second term at right hand side in Eq.
(5.19)) represents to convert the ratio of the hydrogen sites to the metals, 3 : 2, to the ratio of
the hydrogen atoms to the metals, 1 : 1. The theoretical dipolar strength which governs the 1H
T1 is over-estimated and the calculated 77 minimum values are smaller than the ones for
experimental values [31]. The H-H dipolar interaction is considered to contribute to the
relaxation as the theory predicts, since the calculated values of the 77 minimum are in good
agreement with the experimental ones for the hydrides such as TiHx, ZrHx and HfHx when this
contribution was taken into account [32]. On the other hand, it has known that the experimental
value of 71 minimum in the a.-ScHy [45], TaV2Hx (0.22 < x < 1.54 ) [16] and B-VHx (0.486
< x < 0.736) [34], which is donimated by the H-M dipolar interaction, is much larger than the
calculated value on the basis of the crystal structure. In the former two materials, the metal
atoms form the hexagonal-closed -packed crystal lattice and the hydrogen atoms occupies one
of the T-sites which locates along the c-axis with the separation ~1.35 A. The localized motion
hopping between these two sites brings about the additional 77 minimum at the lower
temperature than that of the proton diffusive motion. This localized motion is one of the origins
for the over-estimation in the H-M dipolar interaction. In the latter material, the humps of T
appeare at the low temperature side of the T1minimum and these humps become large with
increase in the hydrogen concentration. In $-VHg, two kinds of octahedral hydrogen sites Oz
and Oz2 have been proposed. The hydrogen atom occupy only Ogz; site at the low hydrogen
concentrations (x ~ 0.486) and the Ogz; site is partially occupied as more hydrogen atoms are
added (x ~0.736). Hence these humps of T7 have been assigned to the hydrogen motion
occupying the Ozz site. The presence of the tunneling motion of the hydrogen atoms below
100 K may also brings about the over-estimation in the H-V dipolar interaction. However, the
origin of the over-estimation in the H-V dipolar interaction has not yet clarified. In order to
evaluate the activation parameters the contribution of the H-V dipolar interaction is assumed to

be supressed by adjustable parameter f and so the effective dipolar strength defined by C'gv = f

68



1 i i LN I 1 1 i i T 1 i T T i i i I
3.— ] 3:' e
10 E 3 {0 5 3
C y C ]
2f E 102;' 3
2 3 - a r p
~ 1 ~ r
< i =
!k . wlE .
C 1 A :
100 1 ! ] é 1 ] 1 ) 1l0 100 1 1 ! ; ] 1 I 1 lI0
AT o AT o
1 i 1 | | 1 I T 1
i E i .
a3 E 102 E
a 3 ; ]
~ ~ L .
= <
olg 5 'k 5
10() ] L ) é ! 1) ) ll0 100 ! 1 1 é 1 1 ] 1 l[l)
AT & I &

Figure 5.5 1H spin-lattice relaxation times, T1, for Tig.gVo.2Ho.89 (a), Tio.6 Vo.4Ho.91 (b),
Tio.4 Vo.6Ho.91 (c) and Tio.2Vo.8Ho.83 (d), fitted by using Egs. (5.11)-(5.18). The resonance
frequency is 9 MHz (@), 22.5 MHz (O), 52 MHz (A) and 90 MHz (A). The top broken line
shows the contribution of the conduction electrons, in which Korringa constant K used are
listed in Table 5.2.
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Cuv was used in the data fitting. The validity of this treatment will be discussed in the next
section.

For the contribution of the conduction electrons to the 77 in Eq. (5.11), we assume that
the K values in the Korringa relation for B-Ti;.y VyHyx is given by the weighted average of K's
for TiHx [33] and VHx [34]. The results of the data fitting are shown in Fig. 5.5 (a) - (d) and

the activation parameters obtained are listed in Table 5.2.

5.2.3 Discussion

The composition dependence of the apparent activation energy for the hydrogen
diffusion in the Ti-V alloys has been known to reflect the degree of the disorder with respect to
the arrangements of the metal atoms. The metal composition dependence of E, determined from
the 1H T data fitting is shown in Fig. 5.6(a) together with other literature data for the o-Ti-V-
H system [35]. The apparent activation energy for the hydrogen diffusion decreases gradually
from 24 kJmol-! for y = 0.2 to 21.8 kImol! for y = 0.6, and decreases rapidly to 17.5 kJmol-1
fory = 0.8. The absolute values of E, in other literature agree with our values very well and
the literature data link smoothly to our data in the composition dependence curve despite the
phase and the hydrogen concentrations are different. This result suggests that in the Ti-V alloys
the activation energy for diffusive motion are dominantly determined by the interaction between
metal and hydrogen atoms and by the local framework structure of metal lattice around the
hydrogen atom.

At first, we try to interpret the composition dependence of E; by means of the simple
statistical model. In this model we assume two types of the hydrogen site, which are the T- and
O-sites with the site populations Pr-site and Po_site. The site populations Prsite and Po.sjte are
the probability to find the hydrogen atom at each interstitial site and depend on the alloy
composition as shown in INIS experiments. The hydrogen atoms distributes both on the T-
and the O-site with the site energy AHTt.site and AHo.site, respectively. In the case that the
hydrogen distribution can be described by Boltzmann distribution function, the mean site

energy AH between the T-and the O-sites can be given by [44]
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. ;.PiAHiexp( -AH; /RT)
AH =&l . (5.21)
S Piexp( -AH; /RT)

site i

The activation energy E, is given by the energy difference between the mean site energy and the
saddle-point energy Q to which we allocated a constant value of -25.7 kJmol! for the Ti-V
alloy (see Section 2.3) [35]. For Prsite and Po.site We assume to be proportional to the
composition y. In this case, the population Pr.site is given by 1-y and the Po.site is given by y.
The composition dependence of E, is calculated using Eq. (5.21) with the parameters AHTsite
= -50 kJ/mol and AHo-site = -32 kJ/mol and the results are shown in Fig. 5.6(a) by broken
line. In this case, the calculated E, is approximately independent of the composition at 300 K
and reaches the experimental data at the higher temperature such as 1000 K which is much
higher temperature than that for the present work. Thus this situation is not reasonable to
interpret the composition dependence of E,.

Next, the composition dependence of E, will be interpreted by means of the cluster
model which take account of the short-range ordering of metals. Such an analysis brings about
informations on the metal-hydrogen interaction and can derive the short-range order parameter
which is one of the very important parameters characterizing ‘the physical properties of
disordered alloys. The cluster model assumes that the local framework structure of metal lattice
- around a hydrogen atom consists of octahedral Tis-; Vi unit ; thus octahedron can assume seven
different configurations depending on i. The bulk quantities are described by the statistical
average of the various structure of the clusters. The activation energy Ea(y, ©) for the hydrogen

diffusion in the Ti-V alloys is represented by Eq. (2.17) ;

Eqy, 0) = Q- AH(y, 0),

where y is the metal composition and o the short-range order parameter as we explained in
section 2.3. AH(y, 0) is the enthalpy of solution of hydrogen in the metal, and given by Eq.

(2.16) as a function of the alloy composition and the short-range order parameter. If the site
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Type of cluster
Ti rich V rich

o 1 2 3 4 5 6

site energy
5

Figure 5.7 Schematic representation of the site energy, which depends on the type of
clusters Ti¢.iVi. The clusters with i values from O to 4 have a site energy AHT; which is the
same as that in pure TiHx, whereas the clusters with i = 5 and 6 have a site energy AHv which
is the same as that in pure VHx. The site energy is assumed to vary discontinuously between i
=4 and 5 from AHTj to AHy.

74



Table 5.3 Site energy, the chemical potential 1, and the short-range order parameter 0

by the embeded cluster model.

System AHv AHTi 7

(kJ/mol) (kJ/mol) (kJ/mol)

Ti-V-H -34 -50.5 -48.8
Ti-V-D -40 -52 -52.8

VH  -31.98(573K)® e

1y S—

0.4
0.4

a) Reference 37.
b) Reference 36.
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energy AHi(y) in Eq. (2.16) is assumed to depend on the types of the clusters, the composition
dependence of the activation energy can be evaluated theoretically according to the procedure
described in section 2.3. The the energy scheme describing the relation between the site energy
is assumed as shown in Fig. 5.7: In the Ti-rich regions the site energy is large and equal to the
site energy of TiHx, while in the V-rich regions the site energy is relatively small and equal to
that of VHx. The site energy in the border region was derived from the results of the neutron
inelastic scattering. The clusters from i = 0 to 4 have the same site energy as TiHx, meaning
that the Ti-H interaction is dominat, whereas the clusters with i = 5 and 6 have the same site
energy as VHy, implying the V-H interaction is dominant. The composition dependence of E,
are calculated using Eq. (2.16) for 0= 0 and 0.4 at 298 K with AHT; = -50.5 kJ/mol and AHv
= -34 kJ/mol. The calculated curves are shown in Fig. 5.6(b) by the solid line. The calculated
curves using this model are in agreement with the experimental data very well, comparing with
the above simple model. Furthermore, the introduction of the short-range order parameter
improve the agreement between the calculated and the experimental values. Using this model,
the obtained metal-hydrogen interaction energies are AHTi = -50.5 kJ/mol and AHy = -34
kJ/mol at 298 K and short-range order parameter is 0 = 0.4 as listed in Table 5.3 with the
results for the deuterides. The obtained metal-hydrogen interaction energies are in good
agreement with -53 kJ/mol at 573 K for Ti-H [36] and -32 kJ/mol for V-H [37] in the pure
metal hydrides. The difference in magnitudes between the Ti-H and V-H interaction energies
affects obviously the configuration of cluster. For example, although Ti2Vs cluster contains
more V atoms than Ti atoms its site energy is AHT;. This is caused by the larger affinity of the
Ti atom to the hydrogen atom than the V atom. The short-range order parameter ¢ = 0.4 is also
in good agreement with the previous value o = 0.43 = 0.05 determined from the neutron
inelastic scattering as well as other literature values 0.36 < 0 < 0.51 [35].

The dipolar strength of the 1H->1V dipolar interaction calculated by Eq. (5.16) and
(5.20) are too large and so we introduced the reduction factor f. The reduction factor
determined from data fitting and the calculated values of the dipolar strength are listed in Table
5.2. The f assumes the same value for Tip.c Vo.4Ho.91, Tio.4 Vo.eHo.91 and Tip.2Vo.sHo.83,

but much smaller for Tip.§Vo.2Ho.g9. In the latter hydride the contribution of 1H->1V dipolar
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Figure 5.8 Effective concentration of V atom around a hydrogen atom in P-Ti1-yVyHx,
which is a product of the reduction factor f and the atomic ratio y of V to Ti+V. The solid line
is an ideal concentration of V for the homogeneous distribution, which is equal to the alloy
composition. The error bar indicates the range estimated under the assumptions that all the
hydrogen atoms occupy the T- or O-site.
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1. homogeneous distribution of hydrogen atoms
ex)

Metal : 9 atoms
Hydrogen : 4.5 atoms

O v

Ti

12H

s

2. inhomogeneous distribution of hydrogen atoms

® I1IH

® 23H
1/6 H
O ~0H

Figure 5.9 Schematic representation of homogeneous and inhomogeneous distribution of
hydrogen atoms in the Ti-V alloy. In this scheme, 9 metal atoms (Ti and V) form a two-
dimensional square lattice, and 4.5 hydorgen atoms are able to enter its interstices. The large
circles denote the metal atoms. The probability to find the hydrogen atom at an interstice
depends on the framework arrangements of metals around the interstice. It is distinguished by
the depth of the shade.
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interaction is negligibly small, and the 1H-1H dipolar interaction governs the relaxation. The
fact that the reduction factor for the 1H-1V dipolar interaction depends strongly on the alloy
composition implies that there is a clustering or a short-range ordering with respect to the
arrangements of the metals around a hydrogen atom and therefore a biased distribution of
hydrogen atoms over the interstices is generated. Inhomogeneous distribution of hydrogen
atoms in the Ti-V alloys can cause the composition dependence of the reduction factor in the
1H-51V dipolar interaction. If the hydrogen atoms are homogeneously distributed over all the
interstices, the probability for a proton to find a V atom at the nearest neighbor lattice point is a
function of only the alloy compositions y. The inhomogeneous distribution of hydrogen atoms
changes the probability for a proton to find a V atom at the nearest neighbor. Using the
reduction factor f, the probability is described by the effective concentration of V atoms, f'y.
Figure 5.8 shows the variation of this probability of V atoms as a function of the alloy
composition. The reduction factor f for the dipolar strength with V content corresponds to
selective clustering of metal atoms: That is, it implies that the hydrogen atoms tend to gather
around Ti atoms. Such a situation is schematically shown in Fig. 5.9. The upper scheme
represents the homogeneous distribution of the hydrogen atoms in the Ti-V alloy, in which all
of interstices have the same probability for hydrogch occupation. For example, in the case of
the scheme consisting of 9 metals and 9/2 hydrogen atoms, the 9 interstices are occupied by the
hydrogen atom with the probability 1/2, irrespective of the kinds of metals around the
interstices. The lower scheme represents the inhomogeneous distribution of the hydrogen
atoms in the Ti-V alloy. In this case, the probability to find the hydrogen atoms at the
interstices depends on the kind of the metal around the interstices. The interstice surrounded
by three Ti and one V atoms is occupied by a hydrogen atom with a probability 1, whereas the
interstice surrounded by four V atoms is hardly occupied. The probability to find a hydrogen
atom at the interstices increases with increasing in the number of the Ti atoms. The
inhomogeneous distribution of hydrogen atoms is caused by the difference in the interactions
between Ti-H and V-H. As the affinity of a hydrogen atom to a Ti atom is higher than that to a
V atom, the hydrogen atoms have a tendency to gather around Ti rich regions. This picture is

consistent with the site energy scheme described above.
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5.3 2H NMR
5.3.1 Experimental

2H NMR measurements were carried out with a Bruker Model MSL-400 pulsed
spectrometer with a superconducting magnet and the Larmor frequency for 2H was 61.4 MHz.
The rf irradiation coil in the probe-head for 2H signal detection was changed to 5 mm¢ coil (0.8
mm¢ Cu wire with 28 turn ca. 30 mm long) from 10 mm¢ in order to improve the efficiency of
the rf irradiation. For DO the length of 90° pulse was improved to 2.95 ps from 7 ps by this
alternation. The deuteron spin-lattice relaxation times (771) were measured in the temperature
range between 125 and 400 K using the 90° - T - 90° and/or saturation recovery methods. The
experimental uncertainty was less than =+ 5 %. The temperature was controlled with the
accuracy of + 1 K by Bruker variable temperature unit VT-1000 by the flow of cooled or heated
nitrogen gas. The deuterides used in 2H NMR experiments had the following compositions ;
Tio.8 Vo.20.79, Tio.6V0.4Do.86, Tio.4Vo.6Do.80 and Tio.2Vo.8Do.79. Each sample was sealed

into a glass ampoule (5 mm¢ and ca. 30 mm long ) with He heat exchange gas (~150 mmHg).

5.3.2 Results and analysis
The magnetization recovery curves for Tig.gVo.2Do.79, Tio.6Vo.4Do.86, Tio.4 Vo.6Do.80
and Tip.2Vo.8Do.79 show non-exponential behavior and the typical data are plotted in Fig. 5.10
and 5.11. The degree of non-exponential decay was relatively small and depended on the
temperature and the alloy composition. For example, the recovery curves of Tigp.4 Vo.6Do.so
could be approximated by a single exponential decay, except the data at 164 K, whereas the
recovery curves of Tigp.6Vo.4Do.86 show non-exponential behavior over all temperature range.
The non-exponential behavior may be caused by existence of multi-phases in deuterides, the
cross-relaxation of 2H through 31V spin system, and different relaxation process between
quadrupolar multi-levels. First of all, we tried to fit the recovery curves assuming the
superimpose of two single exponential decays. The two components of T were distinguished
below the temperature of the 71 minimum and had similar slope of T1 vs. 1/T curve to each
other as shown in Fig. 5.12 (a) - (d). These results suggest that the dynamical behavior of

deuterons can be deduced from either of those two components, if it is reasonable to have
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Figure 5.10 Recovery curves of 2H magnetization of 3-Tip.sV0.2D0.79 (left hand column)
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and PB-Tio.6 Vo.4Do.86 (right hand column).
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Figure 5.12 Temperature dependence of 2H spin-lattice relaxation times for Tig.sVo.2D0.79
(a), Tio.6 Vo.4Do.86 (b), Tio.4 Vo.6Do.80 (c) and Tip.2Vo.8Do.79 (d). The T1" (O), T1i¢tong) (+)
and Ti(shorty (X) are plotted as afunction of the reciprocal temperature. The resonance
frequency is 61.4 MHz. The broken and dashed lines show the contribution of 2H-31V dipole
interaction and of the conduction electrons, respectively, which are given by scaling of the 1H
spin-lattice relaxation times by multiplying the factor, 42.44 (= Yu2/YD?).
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assumed the two component relaxation mechanism for these deuterides. However, the validity
of such analysis cannot be ascertained because of the complexities of the systems. Anyway, as
it was difficult to determine the unique 2H T values, the apparent relaxation time T1" was
defined as the time at which the longitudinal magnetization reduces to 1/e of the initial value and
it will be used in the following discussion. The obtained T1" values are plotted as a function of
inverse temperature in Fig. 5.12 (@) - (d). The T1" vs. 1/T curves show a minimum for all
samples. The values and temperatures at 71" minimum depend on the composition of the Ti-V
alloys in the similar way as the hydrides. The temperatures at which the T;1* minimum was
observed were 274, 275, 287 and 292 K for Tip.2Vo.8Do.86, Tio.4Vo.6Do.80, Tio.6Vo.4Do.86
and Tip.8Vp.2Do.79, tespectively. On the other hand, the T 1" minimum values for
Tio.2Vo.8Do.86, Tio.4Vo.6Do.80, Tio.6 Vo.4Do.86 coincided with each other to be 150 ms within
the experimental error. For Tip.gVo.2Dp.79 the minimum value of T7* was 260 ms. On the
basis of these results of the 2H T; measurements for the B-Ti1.yVyDx the relaxation data are
analyzed to obtain the activation parameters for deuteron dynamics in these deuterides, which
are used to specify the favorable deuteron sites and to examine the isotope effect on the
restricted potential wells at the interstices.

For B-Tij.y VyDx the total spin-lattice relaxation rate (T11) are mainly described by three

components as follows [38]:

T1' = T1g' + Taovy + Tae” ’ 5.22)

where T1¢" is a contribution of the quadrupole interaction of deuteron, Tl(blv) of the 2H-1V
dipolar interaction and T3, 1 of the interaction with conduction electrons. Ty¢ 1 is assumed to
satisfy the Korringa relation, T1e - T = Kp. Contributions of the 47Ti-*H and 4°Ti-?H and 2H-
2H dipolar interactions to the total T; are negligible because of the small gyromagnetic ratios of

47Ti, 49Ti and 2H. It is difficult to estimate three contributions in Eq. (5.22) independently

from the experimental data. Assuming that the Tl(ﬁv) and T 16'1 are dominated by the similar

fluctuation to dipolar interactions in the hydrides, the Tl(ﬁv) and Ty, ! for deuterides can be

represented by the scaling the total spin-lattice relaxation rates of proton in the hydrides with the
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square of the nuclear gyromagnetic ratios (yu?/yp?). We used the 'H spin-lattice relaxation
times to estimate the contribution of 2H-5!V dipolar interaction and the interaction with
conduction electrons of deuterons. The T 1(i)1v) and Tq¢ ! estimated from 1H data are shown in
Fig. 5.12 (a) - (d) with dotted and broken lines, respectively. The estimated total T; values
were too long to interpret the experimental data by an order of magnitude. Hence it was
revealed that the quadrupolar relaxation process of 2H nuclei is the dominant relaxation
mechanism in the deuterides. The quadrupolar relaxation time, T 1(31 for 2H nuclei is
represented by BPP equation with a gaussian or lognormal distribution F(S) of the correlation
times (see in Eq.(5.17)) and the distribution parameter B which depends on temperature as

described in Eq. (5.18), as follow :

2 2 +®
] ne, e 4
Tid = 2136(1 + -3_)(&)2{ FOI Tcz ;t 1:cz 2 JdS, (5-23)
h i 1+t 1+ 40{7

where e 2Qq /h is the quadrupole coupling constant (QCC) representing the strength of
quadrupole interaction. The 7 is the asymmetry parameter of the electric field gradient at the
deuteron site, and @, is the Larmor frequency of 2H nucleus. In Eq. (5.23) 7. is the correlation
time describing the time fluctuation of the electric field gradient aﬁd Tem the mean correlation
time. The temperature dependence of the correlation time is represented by the Arrhenius'
activation law in Eq. (5.14). Equation (5.23) is used to analyze the experimental data of the 2H
T, in our disordered systems.

For the data analysisby the case of the above equation the fitting parameters (adjustable
parameters) are QCC, 71, Bo, B, Tom and E,. We put two assumptions on 77 and T, to reduce
the number of the fitting parameters. The first assumption is on the asymmetry parameter of the
electric field gradient, 7. This parameter reflects generally the site symmetry of the 2H nuclei.
In the alloys the 2H nuclei is assumed to exist in the ionic form, 2H* (deutron). Since the
symmetry of the T- and O-sites for deuteron is not considered to be low to produce large

asymmetry in the electric field gradient, we assume that the 7 is zero. Next the same
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Figure 5.13 Temperature dependence of apparent 2H spin-lattice relaxation times (771") for

Tio.8V0.2D0.79 (a), Tio.6Vo.4Do.gs (b), Tio.4aVo.6Do.so (c) and Tip.2Vo.gDo.79 (d).

The

resonance frequency is 61.4 MHz. Solid lines are the results of data fitting with Eq. (5.23),

and dotted line represents contribution of quadrupole relaxation time of deuteron.

The broken

and dashed lines show the contribution of 2H->1V dipole interaction and the conduction

electrons, respectively, which are given by scaling the 1H spin-lattice relaxation times with a

factor of the square of the nuclear gyromagnetic ratios, 42.44 (= yi?/Yp?).
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Table 5.4 Quadrupole relaxation parameters deduced from the T;" data.

Substance QCC E, Tom Bo Ba
(kHz) (kJmol-1) (10-14 5) (kJmol-1)

Tip.2Vo.8Do.79 30 20.7 13.0 1.8 33

Tigp.4 Vo.6Do.g0 36 24.0 4.2 3.2 5.2

Tip.6Vo.4Do.86 32 25.5 4.2 2.3 4.5

Tio.8Vo.2Do0.79 21 26.0 4.2 0.0 4.5
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assumption as in the case of the analysis of 1H T is imposed upon the pre-exponential factor,
Tom. The correlation time for the fluctuation of the EFG tensor in the deuterides is twice as
large as that for the fluctuation of the H-H vector in the hydrides. Thus, the correlation time is
the deuterides is given by Tom = vol. In this case, the v is the local vibrational frequency of
deuterium atoms in Ti-V alloy. Its value for each deuteride was evaluated from the vy deduced
by INIS for hydride using the relation [39]

VOD ~ W H, %I};I . (524)

The values of vP are listed in Table 5.4 with the vy of the hydrogen for Ti-V-D systems.

The results of the analysis of T1 of 2H using Eq. (5.23) are shown in Fig. 5.13 (a) -
(d). The broken and solid lines correspond to the contribution of the quadrupole relaxation and
the total one, respectively. The activation parameters determined from the data fitting are listed

in Table 5.5.

5.3.3 Discussion

The activation parameters detremined from the data fitting give us the useful
| informations on the nature of the deuterium sites and the isotope effect on the metal-H(D)
interaction. The quadrupole coupling constant (QCC) is an excellent clue to the deuteron site
symmetry and the strength of the metal-deuterium interaction. Comparsion of the QCC with
those in other deuterides reveals the deuteron site symmetery in ﬁ-Ti]-yVny. The alloy
composition dependence of the activation energy, Ea, is an excellent clue to the local framework
structure around a deuterium and the comparsion of the Ea between hydrides and deuterids
brings about the detailed information on the potential wells at interstices for the H and/or D.

At first, we evaluate the feature of the deuteron sites in the Ti-V alloys on the basis of

the QCC values determined. The QCC values in some deuterides at the specified sites are listed

in Table 5.5 together with the present results. The deuteron occupies the T-site in &'-TaDx, B-
NbDy and 8-VDx [40]. These deuterides give small QCC values ranging in 37 ~ 55 kHz

regardless of the difference in the way of the deuterium distribution (ramdom or ordered) [38].
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Table 5.5 Quadrupole coupling constant for metal deuterides.

QCC/kHz

Substance Site for D reference
Tio 2 Vo.8Do.79 30 T-site this work
Tio.4 Vo.6Do.80 36 T-site this work
Ti0.6 V0.4Do 86 32 T-site this work
Tip 8 Vo.2Do.79 21 T-site this work

a'-TaDy (0.43<x<0.60) 40 T-site (random) 38
a'-TaDg 76 37 T-site (random) 38
a-TaDyx 40 T-site (random) 38
B-TaDo.60 43 (at 313 K) T-site (ordered) 38
B-NbDg. 55 45 (at 217 K) T-site (random) 38
B-VDx (0.5<x<0.6) 105 (< 210 K) O-site (ordered) 41
8-VDx (0.5<x<0.6) 55 (< 210 K) T-site (ordered) 38
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In $-VDx, in which the deuterons are occupying the O-site and forming bec sub-lattice, the
QCC value has been known to be 105 kHz below 210 K [41]. In the present work the QCC in
Ti1.yVyDx have the values of 21 ~ 36 kHz. These QCC values implies that the deuterons are
dominantly occupying the T-site in Ti;.yVyDx. In Chapter 2 we found by INIS that in the case
of the hydrides the hydrogens are distributed over two kinds of tetrahedral sites (T;- and Tz-
site) and the octahedral site. The fraction in the Tj-site increases with increase in Ti content,
whereas that is the O-site increases with increase in V content. The Ts-site fraction is
approximately independent of the composition. It is remarkable that the manner of the
distribution of hydrogen is different between the hydride and the deuteride in the case of Ti-V
alloy. Such remarkable difference in the atomic distributions is also found between the pure
metal hydride VHx and deuteride VDx. These results suggest that the V-H and/or V-D
interactions in the pure metals are still existing in the alloys. The QCC values of Tij.y VyDx are
relatively small by comparison with those of deuterons occupying the T-site in other hydrides.
The magnitude of the QCC is considered to reflect the degree of disorder of the host alloys.
The disorder work to average the electric-field-gradent (EFG) partially and as a result the QCC
value decreases.

Next we examine the alloy composition dependence of the activation energy E, for the
diffusion of dcutcrons. The alloy composition dependence of activation energy is shown in
Fig.5.14 together with that in the hydrides. The E, for the deuteron diffusion decreases
gradually from 26 kJmol! for y = 0.2 to 24 kJmol-! for 0.6, and decreases drastically to 20.7
kImol! for y = 0.8. This composition dependence of the E, is analyzed by the same procedure
as that applied to the hydrides, details of which were already deséribed in Section 5.2.3. The
similar composition dependence of E, in the hydride and the deuteride implies that the degree of
disroder and the framework arrangements of metal atoms are similar in the hydride and the
deuteride of Ti-V alloys. Thus we analyzed the deuterium T; data by adopting the same value
of short-range order parameter, o = 0.4 to that in the hydride. The calculated E, as a function
of the alloy composition is shown in Fig. 5.14 with solid line, and the parameters obtained

were listed in Table 5.4.
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Figure 5.14 Alloy composition dependnce of apparent activation energy E, for diffusion of
interstitial atoms in Ti-V alloys ; Ti1.y VyDx (®) and Tii.yVyHx (O). The solid lines are the
theoretical curves calculated using Egs. (2.15) - (2.17).
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The isotope effect on the E, is an important measure of the M-H(D) interactions which
determine the potential wells restricting the H or D motion in the interstices in Ti-V alloys. For
the M-H(D) interaction discussed above, the absolute values of the AHvy and the AHr; in the
deuterides are larger than those in the hydrides. These differences brings about the difference
of activation energy between H and D. The difference between the activation energy for
diffusion in the hydride and the deuteride are shown in Fig. 5.15. The relation IAHR| > [AHY,
IAHD| > [AHY| and |E.P| > |E.H] holds (see in Table 5.3) and it can probably interpreted by the
difference in the zero point energies between the hydride and the deuteride caused by the atomic
mass effect. Suppose that the hydrogen and/or deuterium local vibrational motion is
approximated by a harmonic ocillator. Then the magnitude of the difference in the E, is given
by

AE, = ED - EF =1h(F - v0) = 21 - 1y, (525)

where wH is the frequency of the local vibrational mode for the hydride [42] and Eq. (5.24)
was applied. Using Eq. (5.25) with the values of v in Table 5.1 the differences in the
activation energy between the hydrides and the deuterides are estimated to be ~20 mev ( ~2

kI/mol) for hvo? = 140 meV and ~6 meV (~0.6 kJ/mol) for hvoH = 44 meV. For
| Tio.8Vo.2Ho.89, Tio.6Vo.4Ho.91 and Tip.4Vo.6Ho.91, in each of which the hydrogen atom
occupies the T-site, the predicted energy differences are in good agreement with the
experimental ones. The energy difference of ~22 meV (~2.2 kJ/mol) is predicted for the Ti-H
interaction if we use the local vibrational mode AvoH = 147.6 meV observed in TiH; at 300 K
[43]. This estimated energy difference is also in good agreement with the experimental value
|AH%| - IAHrﬁl = 2.5 kI/mol. However, for Tip2Vo.sHo.83, in which the hydrogen atom
occupies the O-site, the predicted energy difference is about 5 times greater than the
experimental value. The predicted energy difference for the V-H interaction is ~8 meV (~0.8
kJ/mol) for the mean value AvoH = 53.5 meV of two local vibrational modes (100) and (010),
hvoH = 50 meV and 57 meV, respectively, in VHg.33 at 30 K [43]. The theoretical value is

much smaller than the experimental value, [AHD| - [AHY] = 6 ki/mol, suggesting that there may
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be some other origin bringing about the energy shift in addition to the zero point energy
difference in the Tip.2Vo.8Do.79 and the VHp 33. This big difference may be originated from
the difference in the site occupation between hydrogen and deuterium in the compounds. The
isotope effect on the zero point energy levels is schematically shown in Fig. 5.16. In the region
of the Ti rich compositions (y = 0.2, 0.4, 0.6) the restricted potential well can be approximatly
regarded to be the same because the hydrogen and deuterium sites have the tetrahedral
symmetry. Thus the isotope shift of the site energy is brought about by only the atomic mass
effect. On the other hand, in the region of the V rich compositions (y = 0.8, 1), hydrogen
populates at the O-site but deuterium at the T-site only. If we assume that the potential energy
function is not given by the simple harmonic potential either in the T-site or the O-site the
difference is the zero-point energy between hydrogen in the O-site and deuterium in the T-site
may be much larger than predicted by the simple harmonic vibrators. Provided that such
mechanism works we estimate the zero-point energy difference due to the potential deformation
to be about 2.6 and 5.2 kJ/mol for the Tip.2Vo.8Do.79 and the VHp 33 (by the subtraction of the
mass effect (0.6 and 0.8 kJ/mol) from the total energy shift (3.2 and 6.0 kJ/mol), respectively).
The schematic model suggests that the isotope effect of the pure metal hydride and deuteride are
remained in the Ti-V alloys and the effect can be qualitaitively described by the M-H(D)

interactions in the pure metal hydride and deuteride.
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Figure 5.16 Schematic representation of isotope effect on the potential walls at interstices.
At Ti-rich conpositions in Ti-V alloy, the isotope effect on the activation energy is caused by
only the zero-point energy shift due to the mass effect (upper scheme). Then, both of hydrogen
and deutrium atoms enter the tetrahedral site and the shape of potential walls are same as both
compounds approximately. At V-rich compositions in Ti-V alloy, the isotope effect is caused
by both of the zero-point energy shift due to the mass effect and the potential deformation.
Then, the hydrogen atoms enter the octahedral site, but the deuterium atoms enter the tetrahedral
site. The potential deformation will be brought by the change in the symmetry of interstices.
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6. 2H NMR spectra
6.1 Introduction

A2H nucleus with spin quantﬁm number I =1 has a finite electric quadrupole moment
(eQ). The electric quadrupole moment interacts with the electric field gradient (EFG) tensor
which is defined by the second derivative Vpq = 62V/ap6q of the electrostatic potential V'
produced at the deuteron position by its surrounding charges. The line shape in the 2H NMR
spectrum is mainly determined by the nuclear quadrupole interaction. The magnitude of the
quadrupole splitting is theoretically derived by the first order perturbation treatment of the

nuclear quadrupole interaction to the Zeeman interaction, and is given by [1]

2
Av= %5% (3cos2 B - 1- i sin® B cos a), (6.1)

where e2Qqg/h is the quadrupole coupling constant (QCC) and @ and S the Eulerian angles to

transform the coordinate system from the laboratory fixed frame to the principal axis system of

the EFG tensor. 7 is the asymmetry parameter for the EFG defined by

7’ — (VXX - Vyy)

7 (6.2)

‘using the principal values of the EFG tensor which satisfy the relation, legl = [V;| = [Vyy| = [Vl

7 takes the value in the range of 0 = 7 < 1. Thus, the EFG tensor reflects the charge
distribution around the nucleus. The QCC and 7 are very useful parameters to discuss the
microscopic environments of an atom such as the site symmetry, the directionality of the
chemical bond and the valences of the atom in the solid state.

For a powdered or polycrystalline material, 2H NMR line shape is given by the spacial
average of Eq. (6.1) with respect to the Eulerian angles & and B. The line shape for the
powdered specimen consists of the famous Pake doublet when 7 = 0, and varies with increase
in 7, as shown in Fig. 6.1. The fluctuation of the EFG tensor due to the deuterium motion
causes the averaging of the nuclear quadrupole interaction. As the results, the line shape varies

depending on both the frequency and the mode of the fluctuation of the EFG tensor. Thus, the
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Figure 6.1 Typical 2H NMR line shapes for the powdered material with the asymmetry
parameter of the EFG tensor, 7 =0, 0.5 and 1.
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2H NMR spectrum for the powdered specimen is also used to investigate the dynamical
behavior of the molecules containing 2H nucleus.

The measurements of 2H NMR line shape for the metal deuterides have been performed
to study the type of 2H interstitial site, the valence and the dynamics of the deuterium in the host
metal framework by a number of researchers. The deuterides of Ta, Nb and V were studied
using the powdered samples by Salibi et al. by measuring the spectra and the magnetic
relaxation times [2]. For VDg.s9, in which the deuterium occupy both the octahedral (O-) and
the tetrahedral (T-) sites, they demonstrated'that the magnitude of the nuclear quadrupole
interaction is closely related to the deuterium site symmetry. The QCC for 2H occupying the O-
and the T-sites are 106 kHz at 244 K and 54 kHz at 194 K, respectively. The asymmetry
parameter of the EFG tensor n7 was about 0.1 in both the O- and the T-sites. Thus, the type of
the interstitial sites occupied by the deuterium can be investigated by measuring the QCC in the
2H NMR. In the present work the measurements of 2H NMR spectra are performed to
investigate the nature of the 2H site in the Ti-V alloy. The temperature depndence of the line

shape is also observed to study the dynamical behavior of the deuterons in the deuterides.

- 6.2 Experimental

2H NMR measurements were carried out with a Bruker Model MSL-400 pulsed
spectrometer with a superconducting magnet at the Larmor frequency for 2H of 61.4 MHz.
The modification of the instrument was described in Section 5.2. The length of 90° pulse for
liquid D0 was improved to 2.95 us from 7 pus. 2H NMR spectra were measured using solid
echo method over the temperature range 125 ~ 298 K. The delay time between the first and the
second pulses in the solid echo pulse sequence was 15 pus. The 90° pulse length for the Ti-V-D
system were 8 ~ 11 us depending on the volume susceptibility of the sample, which varied with
the size and the shape of the particles and the metallic character of sample. The temperature
control was achieved by Bruker variable temperature unit VT-1000, which was controlled to =
1 K by the flowing cooled or heated nitrogen gas. The samples for the experiments were the

same as those used in the 2H T1 measurements.
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6.3 Results and Discussion

The temperature dependence of the 2H NMR spectra for Tiz.y VyDy is shown in Fig. 6.2
~ 6.5. The full line width at the half maximum (FWHM) and the shift (Av) in the peak
frequency to the Larmor frequency 61.4 MHz are plotted against temperature in Fig. 6.6 ~ 6.9.
There are no significant dependence of the spectral patterns on the alloy composition of the
deuteride and the spectra of all the deuterides give similar temperature dependence. For
example, at 125 K, the 2H NMR spectrum of Tip.6 Vo.4Do .86 has the broad line width with that
FWHM of larger than 20 kHz, and as its Av value is -7.8 kHz. The line shape is asymmetric
and there is a shoulder at the higher frequency side of the peak. The intensity of the shoulder
decreases with increase in temperature, and it disappears above 200 K. The line width narrows
rapidly from 21 kHz to 5 kHz on heating from 125 K to 225 K, and remains almost constant
above 225 K as shown in Fig. 6.7. The Av value shifts from -7.8 kHz to -5.3 kHz on heating
from 125 K to 200 K, and is constant above 200 K. The spectra of other metal deuterides have
similar temperature dependence. The Av value in each deuteride shift from about -8 kHz to
about -5 kHz with increasing on heating from 125 K to 200 K as shown in Figs. 6.6-6.9. The
line widths at 125 K was 10 kHz for Tig g§Vo.2Do.79 and 30 kHz for Tip.2Vo.8Do.79, and
narrow to about 5 kHz on heating from 125 K to 225 K.

When the powder line shape in the 2H NMR spectrum is governed by the nuclear
quadrupole interaction it should have an ideally symmetric shape as shown in Fig. 6.1. The
experimental line shapes in the Ti-V-D systems are largely different from the theoretical powder
patterns of the 2H NMR spectrum, especially with respect to the symmetry of the patterns.
These results suggest that some other interaction contributes to the broadening and the
asymmetrization of the line shape in addition to the weak nuclear quadrupole interactionin the
Tii.yVyDx. In the case of metal deuterides there have been known two kinds of interactions
which cause the line broadening and the aymmetrization; one is the ahisotropy in the Knight
shift tensor [3], and the other the magnetic susceptibility broadening [4, 5]. In the present
alloy-deuterium system the co-existence of the multi-phases caused as described in Chapter 3
may bring about an apparent broadening of the 2H spectral line. The Knight shift is caused by

the interaction between the nuclear spins and the hyperfine field produced at the site of the
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nucleus by the conduction electrons. The hyperfine field has a tensor properties, and gives a
similar effect to that by the chemical shift anisotropy on the powder NMR pattern. However,
the magnitude of the hyperfine field for the deuteron is comparable to that of the normal
demagnetization field originated from the bulk susceptibility of the sample. Hence the Knight
shift anisotropy can cause the line broadening of at most 10 kHz. On the other hand, the
magnetic susceptibility broadening is caused by the inhomogeneous field produced by the
scattering of the uniform external field by an ellipsoidal or, more generally, non-spherical
particles with non-zero magnetic susceptibility. Therefore, the degree of the broadening
depends strongly on the shape of the particles, on the bulk magnetic susceptibility () of each
particle, and on the magnitude of the external static field. The line broadening of the ZH NMR
spectra in the Tii.y VyDx is therefore considered to be caused by both the nuclear quadrupole
interaction and the magnetic susceptibility effect. However, these effects do not cause the
asymmetry of the spectra. Furthermore, the QCC values, which were determined from the
minimum values of the T7 for Tij.yVyDx, lie in the frequency range 21 ~ 36 kHz. If the
deuteron diffusion is completely frozen, the splitting of the Pake doublet in the case of 7 = 0
amount to 40 ~70 kHz. Acutaully, in the temperature range between 125 K and 200 K the
deuteron diffusional motion is rapid and isotropic enough to cause the complete motional
narrowing of the nuclear quadrupole interaction in the Tij.y VyDx because the line width in this
temperature region is much smaller than the rigid lattice value. Therefore the inhomogeneous
and asymmetric line shape of 2H in Ti-V-D system is considered to be originated from the co-
existence of the multi-phases (two or three phases) and its partial variations with temperature.
The shoulder observed below 200 K is regarded as a peak with a significantly broad line width
originated from some co-existing phase with the B-phase. The decrease in the intensity of this
peak on heating may correspond to some change in the additional phase such as phase transition
(see in Chapter 3).

The a-phase of the Tii.yVyDx is the most possible condidate for the co-existing phase

with the B-phase. It is known that when the metallic character of the metal deuteride is high,
the magnetic susceptibility and the hyperfine field become larger [6], causing the larger line
broadening and the higher frequency shift of the ZH NMR sepctrum in the deuterides. On the
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other hand, the metallic character of the metal deuterides becomes large with decrease in the
concentration of the deuterium in the metal deuterides [7]. Comparing the degree of the metallic
character between the a- and B-phases, which have the same crystal lattice formed by the
metals, the metallic character in the B-phase is lower than that in the a-phase. On the basis of

the consideration, the high frequency shoulder can be assigned to the deuterons in the a.-phase.

These results suggest that the apparent spin-lattice relaxation time 71" for 2H below 200
K corresponds to an average value among the T values is individual multi-phases. This is one
of the origins of the discrepancy between the calculated and the experimental values for the 2H

T:" in Ti-V-D system below 200 K.
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Figure 6.2 Temperature dependence of the 2H NMR line shape in B-Tio.sVo.2Do.79

powdered sample.
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Figure 6.3 Temperature dependence of the 2H NMR line shape in P-Tip.6Vo.4Do.86

powdered sample.
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Figure 6.4 Temperature dependence of the 2H NMR line shape in B-Tig.4Vo.6Do.80

powdered sample.
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Figure 6.5 Temperature dependence of the 2H NMR line shape in P-Tip.2Vo.8Do.79
powdered sample.
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Figure 6.6 Temperature dependence of the frequency shift (Av) and the full line width at the
half maximum (FWHM) of 2H NMR spectrum in B-Tio.gVo.2Do.79.

108



Tig.6V0.4D0 86

1 1 ) 1 | i i I I I

Ay / klz
N
I
|

30 -

FWHM / kHz

10 - —

0
100 200 300
T/X

Figure 6.7 Temperature dependence of the frequency shift (Av) and the full line width at the
half maximum (FWHM) of 2H NMR spectrum in B-Tig.6 Vo.4Do.g6-
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Figure 6.8 Temperature dependence of the frequency shift (Av) and the full line width at the
half maximum (FWHM) of 2H NMR spectrum in -Tig.4 Vo.6Do.80.
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Figure 6.9 Temperature dependence of the frequency shift (Av) and the full line width at the
half maximum (FWHM) of 2H NMR spectrum in B-Tip.2 Vo.8Do.79-
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7. Summary

Nuclear magnetic resonance and neutron inelastic scattering methods are useful tools in
the study of the structure and dynamics of hydrogen atom in the metal-hydrogen system from
the microscopic point of view and can give the information on the local environment around the
interstitial hydrogen atom. This work has been planed to apply 'H and 2H NMR and neutron
inelastic scattering methods to the study of the dynamics of hydrogen atom and the local
framework structure of the host metal lattice around the hydrogen atom in disordered Ti-V-
H(D) system with the B-form. These experiments were done on the disordered metal hydrides,
B-Ti1.yVyHx (x ~1 and 0.2 < y < 0.9) and the deuterides, B-Ti1.yVyDx (x ~1and 0.2 s y <
0.8). The neutron inelastic scattering of B-Tii.y VyHx and the 2H NMR measurements of the
deuterides provide the first research data for the microscopic properties of those materials.

The neutron inelastic scattering measurements elucidated the type of the interstitial sites
occupied by the hydrogen atom in the B-phase of Ti-V-H system. It distingushed the two kinds
of the tetragonal sites and the octahedral site for hydrogen accommodation in the metal
framework and succeeded to estimate the population in between these sites. The dynamics of
interstitial atoms in disordered metal hydrides and deuterides were studied by the spin-lattice
relaxation times (771) measurements on 'H and 2H. The remarkable isotope effect on the
activation energy for the hydrogen diffusion was found between hydride and deuteride.
Broadline 2H NMR spectra were also measured to investigate the deuteron diffusive motion.
The obtained spectra showed no remarkable quadrupole broadening even at 125 K, implying
that the deuteron diffusive motion is rapid enough to average out the quadrupole interaction. A
shoulder detected near the main 2H signal in each B-Ti-V-D was attributed to phase transition
which was observed by DSC measurments. In order to describe the local structure of the
disordered host alloy framework a cluster model adopting the short-range ordering of metal
atoms was applied. The original cluster model is developed to examine the distribution of
hydrogen over only the Tis.i Vi-type tetragonal interstitial sites; In this work this model was
improved to a general theory which deals with the simultaneous hydrogen distribution over the
Tie-i Vi-type octahedral interstitial sites and the tetragonal sites. Application of the newly

developed cluster model to Ti-V-H(D) system made it possible to analyze the composition
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dependence of the activation energy and of the population of the hydrogen sites in this system.
The analyses revealed that the alloy system of disordered state is not homogeneous in the
microscopic point of view and the hydrogen is apt to enter interstitial site rich in Titanium. The
short-range order parameter, which is a measure of microscopic inhonogeneity, was evaluated
to be 0.4.

In this work, two remarkable characteristices of the framework structure and the
hydrogen dynamics in the B-phase for the Ti-V-H(D) system were revealed as follows; One is
that the hydrogen atoms occupy both the tetrahedral and the octahedral sites and the occupancy
of each site varies with the alloy composition. Other is that the hydrogen atoms diffuse rapidly
even at 125 K and the activation energy increases with increase in Ti content. Assuming the
equation D = <52>/67; between the correlation time 7, and the diffusion constant D and the
mean jump distance <s2> ~ 2 x 10-16 cm? which corresponds to the mean distance among the
nearest neighbor T- and the O-sites, the order of the diffusion constant in the B-phase was
estimated to be 10”7 cm?/s at 40 °C using the activation parameters in Table 5.2. In contrast to
the B-phase examined in this study, in the case of the y-phase the hydrogen atoms occupy only
the T-sites in the fcc metal lattice and form the simple cubic sub-lattice. The hydrogen atoms in
the y-phase cannot diffuse in the same temperature range as this work. On the other hand, in
the a-phase the hydrogen atoms are diffusing between the T-sites.in the bcc metal lattice with
the order of the diffusion constant 10 ~ 104 cm?/s at 40 °C. The difference in the diffusion
rate between the a- and the B-phase will reflect the H-H interaction depending on the hydrogen
concentration. This work revealed that the tetrahedral-tetrahedral (T-T), tetrahedral-octahedral
(T-O) and octahedral-octahedral (O-0) diffusion processes take place in the 3-phase.

The short-range order of the metallic atoms is the most important characteristic of the Ti-
V alloy system. The value of the short-range order parameter was determined in the f-phase
for the first time in this work. The value obtained in this work was in good agreement with the
literature values which were determined for the a-phase. This work thus clarified the local
metallic framework structure and the dynamics of hydrogen atoms in the P-phase for the

disordered Ti-V-H(D) system, and indicated that very important parameters which describe the
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microscopic structure and properties of the disordered Ti-V alloy system can be derived by the

use of an extended cluster model.
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