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Abstract

Positron lifetime spectroscopy is a powerful tool for the study of vacancy-type defects in solids. Our positron lifetime measurements
have revealed that huge numbers of excess vacancies are formed in addition to dislocations during the first hydrogen absorption process ©
LaNi, and excess vacancies becomes mobile and form microvoids by a thermal activation process. For further investigation, theoretical
approaches using electronic structure calculations are indispensable. In this work, we have performed theoretical calculations of positron
lifetime for LaNi;—H system using first principles electronic structure calculations. By comparison between the theoretical and
experimental positron lifetimes, one of the defect components during hydrogen absorption can be ascribed to the annihilation at
vacancy-clusters composed of two or three Ni vacancies. The positron lifetime of the vacancy-cluster component increases over 400 ps
during isochronal annealing after hydrogen desorption. The vacancy-cluster may contain not only Ni vacancies but also La vacancies,
since the vacancy-cluster composed of only Ni vacancies cannot yield such a long positron lifetime.

O 2002 Elsevier B.V. All rights reserved.
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1. Introduction Positron annihilation spectroscopy is a sensitive tool for
vacancy-type defects in solids. In a perfect crystal, the

The intermetallic compound Lali is most widely used positron wave function is delocalized in the interstitial
as hydrogen storage alloy for rechargeable nickel-metal region because of the repulsion from the ion cores. If
hydride batteries, hydrogen storage vessels, chemical heat vacancy-type defects exist in solids, the positron wave
compressors and so on. One of the most specific changes function is localized at the defects where the electron
during hydrogen absorption of hydrogen storage materials density is lower than in the other regions. The localization
is a large volume expansion. In the case of LaNi , the of the positron at the defects results in a longer lifetime of
lattice constants are expanded by 8% with a large volume the positron compared to the bulk lifetime because the
increase of 25% by hydrogen absorption [1]. The hydrogen positron lifetime is inversely proportional to the electron
absorption also induces lattice defects. By transmission density where the positron annihilated. However, interpre-
electron microscopy, dislocations introduced during the tation of the experimental positron lifetime for intermetal-
initial hydriding in LaNi; have been observed [2—6]. Shirai lic compounds such as;LaNi is more complicated than for
et al. have reported that not only dislocations but also pure metals, because several types of vacancies may exist
vacancies and vacancy clusters are formed during the in intermetallic compounds. The different types of vac-
initial hydriding by using positron annihilation spectros- ancies may vyield different positron lifetimes. In order to
copy [7]. characterise measured positron lifetimes in intermetallic

compounds, a theoretical analysis is indispensable. How-
*Corresponding author. ever, little theoretical work has been done for intermetallic
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of positron lifetimes for the bulk and vacancy states in space gR&/mmm, with a=5.0228 A ancc=3.9826 A
LaNi; and LaNi—-H systems based on first-principles [15] as shown in Fig. 1. La atoms occupg #ite and

electronic structure calculations. The calculated results are there are two different sites for Ni atontsattte 33
compared with the experimental positron lifetimes in order sites. The structure of LaNi consists of stacking of two
to identify lattice defects formed during hydrogen absorp- types of layers: one is composed of La ansttednd

tion and during isochronal annealing after hydrogen de- Ni on thsit2, the other is composed of only Ni on the
sorption in LaNi —H system. @ site. The hydrogen absorption of LaNi leads to a

reduction of symmetry and to a doubling of theaxis of
the hexagonal unit cell accompanying a large lattice
2. Method expansion. Lartigue et al. [16] reported that the structure of
LaNigH, which is a hypothetically ordered full hydride, is
In order to obtain the electron density and potential, the described in the space grol6,mc as well as the space
discrete-variational (DV)-% cluster method using a pro- group P31c with five types of interstitial sites. Recently,
gram code SCAT [8,9] is employed. In this first-principles Tatsumi et al. [17] have performed first-principles calcula-
calculation, the molecular-orbital wave function is ex- tions on phases in the LaNi —H system with full geometry
pressed by a linear combination of atomic orbitals optimization and found that the lowest energy structure is
(LCAO). For the electronic structure calculations, we
employ spherical model clusters whose radius is about 8 A. .
The number of atoms in the model clusters for LaNi and (8) LaNis
LaNi,—H is about 70 and 150, respectively. The three- S0
dimensional potentiaV, (r) sensed by the positron is La Ni, V\i34
constructed as a sum of the electron static potehtiéi)

due to the nuclei and the electrons, and a correlation

potentialV,, . (n_(r)) describing the electron-positron corre-

lation: w
2

V(1) = Ve(r) + Veor(n_(r)), (1) &

where n_(r) is the electron density. For the density
dependence oV, (n_(r)) we have used the interpolation
formula of Bronski and Nieminen [10] based on the result
of many-body calculation [11]. The Schrodinger equation
for the positron is solved by the finite-difference method
[12] employing the periodic boundary conditions for
delocalized positron wave function in the bulk state. In the (b) LaNiSH7
case of the localized positron at the vacancy, the boundary 3.
conditions are the vanishing of the positron wave function |,q
on the surface of a large polyhedron.

The positron lifetimer is calculated as the reciprocal
value of the positron annihilation rate by

P6/mmm

A=mric f n, (Nn_(r)y(r)dr (2)

wherer, is the classical electron radius,is the speed of
light, n (r) is the positron density ang(r) is the enhance-
ment factor describing the short-range pileup of the
electron at the positron. For the enhancement factor, we
have used the interpolation formula by Puska et al. [10]
based on Lantto’s data [13]. Partial annihilation rates are
obtained using the results of the Mulliken population
analysis [14].

Yooty

3. The structure of LaNig and LaNigH,

P6ymc

The intermetallic compound LalNi crystallises in the
hexagonal CaCy -type structure which belongs to the Fig. 1. The structure of (a) LaNi and (b) LaNi_H
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close to the model analyzed with the space group@jmc

by Lartigue et al. Thus, we employ the structure described
in the space grougP6;mc with a=5.0228 A andc=
3.9826 A by Lartigue et al. for LaNi H [16]. The Ni site
in LaNig turns into two different sites, Ni and Ni , in
LaNi H, because of the lowering of symmetry.

4. Results and discussion
4.1. Positron lifetimes for LaNi,

In order to evaluate the reliability of the positron
lifetime calculation, the calculated positron lifetimes are
compared to the experimental data for LaNi . The ex-
perimental positron lifetimes, listed in Table 1, for the bulk

and vacancy states in LaNi are obtained by measuring the

well-annealed and electron-irradiated specimens [7], re
spectively. The calculated positron lifetime for the bulk
state is in very good agreement with the experimental

value. In the case of the vacancy state, the calculated

positron lifetimes for the Ni vacancy are close to the
experimental value for the electron-irradiated specimen.

Because the inward relaxation around the vacancy is not

taken into account in our calculations, it is reasonable that
the calculated positron lifetimes are slightly larger than the
experimental ones. The calculated positron lifetimes, there-
fore, well reproduce the experimental data.

4.2. Positron lifetimes for LaNiH,

The lattice constants of LaNi are expanded up to 8% by
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Table 2
Positron lifetimes and annihilation rates for bulk state in LaNi and
LaNigH,_

Lifetimes Annihilation rate (ns' )

(ps) La Ni H
LaNig 125 1.650 6.381
La 130 1.193 5.156 1.379

lifetime of the bulk state for LaNi H is slightly longer
than that for LaNj owing to the decrease in the positron
annihilation rates of La and Ni induced by the lattice
expansion.

It has been previously observed that the mean positron
lifetime increases from the bulk lifetime up to 180 ps
during hydrogen absorption in LaNi [7]. The component
analysis for the positron lifetime spectra has revealed that
the positron lifetime for the lattice defects formed during
hydrogen absorption is 180—190 ps (K. Sakaki, H. Araki,
Y. Shirai, unpublished data). In order to estimate the
structure of the lattice defects, we have performed positron
lifetime calculations for various monovacancies and di-
vacancies in LaNj H . The configuration of the hydrogen
atoms around the vacancy is important for the construction
of the model clusters on vacancies, because the hydrogen
atoms around the vacancy affect the positron lifetime.
After hydrogen desorption, a small amount of hydrogen
still remains in LaNi . The hydrogen release temperature
of the residual hydrogen was examined by a quadrupole
mass spectrometer for the isochronally annealed LaNi
after hydrogen desorption [18]. The release temperature
was found to coincide with the vacancy migration tempera-
ture. This result indicates that the residual hydrogen is

hydrogen absorption. Generally, positron lifetimes for bulk mainly trapped at vacancies and vacancy clusters. Thus,
states increase with the expansion of lattice constants. Onwhen constructing model clusters for the vacancy states of
the other hand, the hydrogen atoms absorbed in thelLaNigH,, the hydrogen atoms around the vacancy are not
interstitial sites of LaNj enhance the positron annihilation. removed. The positron lifetime for La vacancy in LaNi ,
Because of these opposite effects, the positron lifetime of 241 ps, is longer than that of the experimental values of
the bulk state for LaNj H cannot be estimated from the 180-190 ps. The result indicates that La vacancies are not
measured positron lifetime of LaNi . The calculated included in the lattice defects formed during hydrogen
positron lifetimes and annihilation rates of LaNi and absorption. Thus, La site is not taken into account as
LaNicH, are listed in Table 2. The positron annihilation vacancy site. In the case of Ni site, there are three different
rates of Ni and La atoms in LalNi H decrease because of sites in LaNiH,. In the present work, the positron
the expansion of the lattice constants. Despite the positronlifetimes were calculated for Ni —Ni , Ni —Ni , Ni —Nj
annihilation of absorbed hydrogen atoms, the positron and Ni —Ni; divacancies which are the nearest-neighbor
pairs. On Nj —Nj divacancy, two types of Ni —Ni pair
are taken into account, because the second nearest length
of Ni,—Ni,, 2.7061 A, is close to the first nearest length,
2.7029 A. The calculated positron lifetimes for Ni mono-

Table 1
Positron lifetimes for bulk and monovacancy state in LaNi

Positron lifetime (ps)

vacancies and divacancies are given in Table 3. Although

Calc. Exp. the lattice constants of LaNi H are longer than those of
Bulk 125 122 LaN?5, the positron lifetimes .for the Ni monovacancies in
Defect 160 LaNi H, are close to those in LaNi . This is because the
La Vacancy 241 hydrogen atoms around the Ni monovacancies in LaNi H
Ni, Vacancy 166 contribute to the positron annihilation. The Ni divacancies
Ni, Vacancy 177

show various positron lifetimes ranging from 173 to 201
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Table 3
Positron lifetimes for monovacancy and divacancy in LaNi H 400 LI L L
Liretimes (b3 - B Ni + La vacancies ]
ifetimes (ps, . .
_ — £ 350 @ Nivacancies -
Experimental lifetime for defects 180-190 )
Monovacancy Ni 161 e
Ni, 163 = 300 - -
Ni 173 Q
3 - —
Divacancy Ni —Ni, 173 - | _
Ni,—Ni, 184 S 250
Ni,—Ni, 183 =
Ni,—Ni, (1st NN) 201 ‘a 200 -
Ni,—Ni (2st NN) 187 8
150 A l 'l ' A l A . A l A l A
0 2 4 6 8 10 12 14

ps. In the case of the Ni —Ni divacancy, one hydrogen
atom bonded to the Ni atom exists between the Ni and
Ni2 sites. The existence of the hydrogen atom results in the Fig. 3._Ca!culated positron Iife_times gs a function of the number of
shortest positron lifetime of 173 ps for the Ni —Ni  ‘acancies invacancy clusters in La,Ni

divacancy. The Nj —Nj divacancy (first NN), which
shows the longest positron lifetime, has the largest free
volume because the hydrogen atoms bonded to the two Ni
atoms is also removed by the forming of the,Ni Ni
divacancy. The comparison between the calculated posi-
tron lifetimes and the experimental data indicates that the
major lattice defects introduced during hydrogen absorp-
tion are the Ni—Ni divacancies. By taking account of the
lattice relaxation around the defects which is ignored in
our calculations, the possibility of the formation of triple
Ni vacancies is also considered.

Number of Vacancies in Vacancy Cluster

673 K indicates that three-dimensional vacancy clusters
(voids) are formed by vacancy migration. In order to
estimate the size and structure of the vacancy clusters, we
have performed positron lifetime calculations for two types
of vacancy clusters. One is composed of only Ni vacancies
and the other includes Ni and La vacancies. While various
geometries of vacancies can be considered for the vacancy
clusters, we select the model clusters having a high
symmetry because of the limitation of the computer
resources. Fig. 3 shows the calculated positron lifetimes
for the vacancy clusters as a function of the vacancy
cluster size. The positron lifetime increases linearly with
the vacancy cluster size up to the five Ni vacancy clusters.

4.3. Vacancy clusters in LaNi,

As mentioned above, the lattice defects introduced
during hydriding still exist in LaNj after hydrogen
desorption. Fig. 2 shows the result of the component
analysis of the lifetime spectra during isochronal annealing
of LaNi; after hydrogen absorption (K. Sakaki, H. Araki,
Y. Shirai, unpublished data). The increase in the positron
lifetime of the vacancy clusters in the range from 423 to
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= 300]- YR
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Fig. 2. Change in positron lifetime during the isochronal annealing of
LaNi, after hydrogen desorption.

The increase in the positron lifetime for the vacancy

clusters composed of only Ni atoms saturates to the

lifetime of 280 ps which is shorter than the measured
lifetime shown in Fig. 2. The vacancy clusters having

larger positron lifetime cannot be formed by only Ni

vacancies. Thus, the vacancies formed by hydriding may
become microvoids composed of Ni and La vacancies in

the temperature range of 423-623 K.

5. Conclusion

We have performed the theoretical calculations of the
positron lifetimes for the bulk and vacancy states of LaNi
and LaNiH, using first principles electronic structure
calculations. The lattice defects in LaNi formed during
hydrogen absorption and the agglomeration of vacancy
clusters after hydrogen desorption by isochronal annealing
have been investigated by comparing the calculated posi-
tron lifetimes and measured data. The increase in the
positron lifetime during hydrogen absorption can be as-
cribed to the formation of lattice defects composed of two
or three Ni vacancies. The residual vacancies after hydro-
gen desorption become microvoids composed of Ni and La
vacancies by isochronal annealing.
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