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bstract

The process of formation of defect hydrides containing a large number of metal-atom vacancies was studied experimentally in the fcc phase of
e, Co, Ni and Pd, under different conditions of hydrogen pressure and temperature. Two distinctly different behaviors were observed: In metals

ith small formation energies of Vac–H clusters, both H and vacancies readily enter the metal lattice to attain the ultimate composition M3VacH4,
hereas in metals with relatively large formation energies, the formation of this ultimate structure may become appreciable only at H concentrations

xceeding some critical value. This general trend was confirmed by a model calculation including a long-range elastic interaction and short-range
nteratomic interactions between H atoms and vacancies.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since our discovery of superabundant vacancy (SAV) forma-
ion in Ni–H and Pd–H alloys in 1993 [1,2], this phenomenon
as been studied rather extensively, and is now recognized as one
f the fundamental properties of M–H alloys [3,4]. Sometimes,
rdered defect structures containing a large number of SAVs
ecome more stable than defect-free hydrides [2,5–10]. The
asic mechanism of SAV formation is the lowering of the energy
f interstitial H atoms neighboring vacancies, which in turn
acilitates the formation of vacancies in the presence of intersti-
ial H atoms. The formation energy of a Vac–H cluster (VacHr)
ecomes ecl

f ≈ ev
f − reb, where ev

f is the formation energy of a
acancy and eb is the binding energy of an H atom to a vacancy.
p to now, values of the binding energy have been reported for a

airly large number of M–H systems [3,4,11,12], but the mecha-
ism of how the formation of defect hydride structures depends
n the binding energy, temperature and H concentration has not
een clarified yet.

Here we address this problem by examining available exper-

mental data, and performing model calculations on fcc-based

–H systems.
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. Experimental

Determination of the concentration of hydrogen (xH) and Vac–H clusters
xcl) has been made by XRD measurements of the temporal variation of the
attice parameter under high H pressures (pH ≤ 6 GPa) and high temperatures
T ≤ 900 ◦C) [3,4,13]. The lattice parameter of a hydride sample decreases
lowly over several hours from an initial value a(0) to a final value a(∞) as
ac–H clusters are introduced.

The hydrogen concentration xH can be estimated by comparing a(0) with
he lattice parameter of a metal without hydrogen a0 under the corresponding p,

condition, viz.:

H = Ω(0) − Ω0

ΩH
, (1)

here Ω0 is the atomic volume (Ω0 = a3
0/4), and ΩH is the H-induced volume

xpansion.
On the other hand, the concentration xcl may be estimated, approximately,

rom corresponding atomic volumes, Ω(0) and Ω(∞), using a relation:

cl = Ω(∞) − Ω(0)

vcl
R

, (2)

here vcl
R is the relaxation volume (lattice contraction) of a Vac–H cluster,

efined in terms of the formation volume as vcl
f = Ω0 + vcl

R . In the absence
f experimental values of vcl

R , we may assume vcl
R/Ω(0) = −0.36, the average

f calculated values for vacancies in a number of fcc metals [14]. The under-

ying assumption here is that in the course of vacancy formation the hydrogen
oncentration stays nearly unchanged, thus exerting no measurable effects on
he lattice parameter. Validity of this assumption will be examined later.

In most of the experiments, samples were placed in the H2 environment, and
acancy formation was observed in situ under a given high pH, T condition. In
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Fig. 1. Lattice contraction, the difference of lattice parameters of the initial and
final state, �a = a(0) − a(∞), of samples of Fe, Co, and Ni in contact with H2

at high pressures and temperatures (open-system experiments) is plotted as a
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Fig. 3. Comparison of the lattice parameters of Ni obtained under different pH,
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unction of initial H concentration xH(0). Concentrations of Vac–H clusters,
pproximately estimated by (3�a/a)/0.36, can be read from the right scale.

his method (an open-system method), the exchange of H with the environment
n the course of vacancy formation is allowed. Results of such experiments on fcc
e, Co and Ni are shown in Fig. 1 [13,15]. xcl appears to be nearly proportional

o xH.
Results obtained for Pd are shown in Fig. 2, together with those on bcc Nb

btained earlier [13,16]. In these metals, where the solubility of hydrogen is
arge, samples were prepared in advance by electrolytic charging before being
xamined for vacancy formation. In this method (a closed-system method),
he vacancy formation proceeds under a fixed H concentration. (Note, how-
ver, that the Pd data at high H concentrations (xH > 0.9) were obtained by
he open-system method.) In Pd, vacancy formation was monitored by XRD
easurements as described above [13], and in Nb by resistance measurements
16]. The results indicate that the concentration of Vac–H clusters is more
imited, and its dependence on H concentration is different from that of Fe,
o and Ni.

ig. 2. Lattice contraction of Pd, the difference of lattice parameters of the
nitial and final state, �a = a(0) − a(∞), is plotted as a function of initial H
oncentration xH(0). Open symbols from closed-system experiments and solid
ymbols from open-system experiments (see the text). Concentrations of Vac–H
lusters in Pd, approximately estimated by (3�a/a)/0.36, can be read from the
ight scale. For Nb, the cluster concentration has been obtained from resistivity
easurements by the closed-system method.
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conditions. The lattice parameters of the initial state a(0) (�), the final state
(∞) (�) after hydrogenation, and that of the metal under the corresponding p,
condition a0 (©), are plotted as a function of temperature.

In order to identify the origin of these different behaviors, we examine the
mplication of the data obtained for Fe, Co and Ni, by re-plotting lattice parame-
ers a0, a(0) and a(∞) measured at different pH, Ts as a function of temperature.
n example of such a plot for Ni is shown in Fig. 3. The lattice parameter of Ni

a0) shows a small increase with temperature as a result of thermal expansion.
The scatter is due to the effect of pressure, which is different for each data
oint.) Significant to note is the fact that, although the lattice parameters imme-
iately after hydrogenation (a(0)) differ widely depending on pH, T conditions,
he final lattice parameters (a(∞)) resume very nearly the same value, slightly
arger than a0, with a thermal expansion similar to a0. Very similar observations
ere made on Fe and Co. Thus, the apparent linear relation between xH and xcl

or Fe, Co and Ni was simply the consequence of a(∞) being always close to

0.
The implication of these results should be that, although initial H concentra-

ions are different for different pH, T conditions, after long holding times, samples
n contact with surrounding H2 attain the same ultimate structure. The ultimate
tructure is presumed to be the defect hydride of composition M3VacH4. The for-
ation of a vacancy-ordered structure of this composition having a Cu3Au-type
etal lattice was observed in Pd–H [2], Mn–H [7] and Ni–H [8] systems, and its

tability relative to a defect-free hydride structure of NaCl-type was confirmed by
rst-principles calculations [6,17,18]. (This vacancy-ordered structure is such

hat one of the four simple-cubic M-sublattices comprising the fcc structure
ecomes vacant, while leaving the H-sublattice intact.) A recent calculation by
hang and Alavi [18] showed, moreover, that the lattice parameter of this ordered
efect hydride is much smaller than the corresponding defect-free hydride, and
omes close to that of the original metal. This is coherent with our observation
hat a(∞) is always slightly larger than a0. In our XRD measurements quoted
bove, superlattice reflections were not observed, probably because of rather
igh temperatures, but the overall composition is believed to be close to this
imit.

In most of the data shown in Fig. 2, where no such problems exist in the
stimation of xcl, we may accept the result at its face value, namely that the
luster concentration remains much lower in comparison to the case of Fe, Co
nd Ni.

We infer that this distinct difference in the behavior of the two groups of
etals should be ascribed to the difference in the formation energy of a Vac–H

luster. Formation energies of a Vac–H cluster, estimated from known values of
v
f and eb for Fe, Co and Ni, are very small (−0.01 to 0.08 eV) [3,4], whereas
hose for Pd and Nb are much larger (0.72 eV for Pd [19] and 0.30 eV for Nb
16]).

Hence, the following picture emerges for the formation of defect hydrides.
n metals where ecl

f is small, both H and vacancies readily enter the metal lattice
o attain the ultimate composition M3VacH4, whereas in metals where ecl

f is

elatively large, the formation of this ultimate structure may become appreciable
nly at H concentrations exceeding some critical value.

This general trend will be examined by Monte Carlo simulations in the next
ection.
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temperature kT = 0.1 eV (T = 1160 K), for five different values
of the binding energy eb.

The overall dependence changes abruptly at a certain value
of eb. For eb > 0.40 eV, the volume contraction increases nearly
76 S. Harada et al. / Journal of Alloys a

. Theoretical

The formation of a defect hydride structure is examined in
he frame of a lattice-gas model, with a model Hamiltonian:

= 1
2γBΔ2V0 + eHnH + evnv + Hint, (3)

here B is the bulk modulus,Δ the lattice dilatation,γ the image-
orce factor to include the free-surface effect [20,21], nH and nv
he number of H atoms and vacancies, respectively, in volume
0, and Hint represents the interaction between H atoms and
acancies. The elastic interaction is included in the energy of an
atom and a vacancy, in the form:

H = μH − αHΔ, (4a)

v = μv + αvΔ, (4b)

here αH and αv are taken to be positive.
In the lattice-gas model adopted here, nH is written as a sum

f occupation numbers of H atoms on interstitial sites nH
i , viz.

H = ∑
in

H
i , where nH

i assumes either 1 or 0 for occupied or
noccupied site i. Similarly, nv = ∑

ln
v
l , with nv

l either 1 or 0 for
-atom site l occupied or unoccupied by a vacancy, respectively.

he interaction term is formally written as

int = 1

2

∑
i,j

JH
ij nH

i nH
j + 1

2

∑
l,m

Jv
lmnv

l n
v
m +

∑
i,l

Viln
H
i nv

l , (5)

ith the three terms representing, in order, the H–H, Vac–Vac
nd H–Vac interactions, for which the following simplifying
ssumptions are made:

1) No two H atoms can occupy the same interstitial site, and
no direct interaction operates between any two H atoms.

2) No two vacancies can occupy nearest M-atom sites.
3) The interaction operates between a vacancy and an H atom

on any nearest interstitial site. The interaction between the
Vac–H pair is assumed to be attractive, with the interaction
energy−eb (eb > 0).

The partition function of the system is

=
∫ ∞

−∞
dΔ

∑
{H}

∑
{v}

exp

(
− H

kT

)
=

√
2π

γBV0
Z1, (6)

1 =
∑
{H}

∑
{v}

exp

(
−H1

kT

)
, (7)

here

1 = μHnH + μvnv − α2
H

2γBV0

(
nH − αv

αH
nv

)2

+ Hint. (8)
Using this, thermal average quantities can be calculated

nH〉 = 1

Z1

∑
{H}

∑
{v}

nH exp

(
−H1

kT

)
, (9)

F
u
p
V
v
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nv〉 = 1

Z1

∑
{H}

∑
{v}

nv exp

(
−H1

kT

)
, (10)

nd

Δ〉 = αH〈nH〉 − αv〈nv〉
γBV0

. (11)

In the absence of vacancies, we have αH = γB〈�〉V0/
nH〉 = �BΩH, and similarly αv = −γBvv

R, which we write αv =
BΩv by using the positive quantity Ωv = −vv

R.
Calculations were performed by Monte Carlo method, allow-

ng for introduction/removal of H atoms and vacancies. The
ystem consists of an fcc metal lattice of N0 = 4000 sites
nd an H sublattice of an equal number of octahedral inter-
titial sites, repeated by periodic boundary conditions. The
arameters adopted are appropriate for Ni: μv = 1.8 eV [22],
= 0.4 [21], B = 190 GPa, Ω0 = 10.9 Å3 and ΩH = 2.2 Å3 [23],
hich gives α2

H/γBΩ0 = γBΩ2
H/Ω0 = 0.2 eV. For the param-

ter αv/αH, we assume a value 3.0, which is a little larger than
v/ΩH = 0.36 × 10.9/2.2 = 1.8. The reason for this choice will

e described later.
Hereafter, the concentrations of H and vacancies are

xpressed as per site, i.e. xH = 〈nH〉/N0 and xv = 〈nv〉/N0. They
orrespond, respectively, to xH and xcl used in the preceding
ection.

In order to facilitate comparison with the experimental
esults shown in Figs. 1 and 2, the lattice contraction caused
y the introduction of vacancies and H atoms was calcu-
ated as Ω(0) − Ω(∞) = Ωvxv(∞) − ΩH(xH(∞) − xH(0)), and
he results are shown in Fig. 4, as a function of initial H con-
entration xH(0). The calculation was performed at a fixed
ig. 4. The volume contraction Ω(0) − Ω(∞) calculated by Monte Carlo sim-
lations as a function of initial H concentration xH(0). Calculations have been
erformed at a fixed temperature (T = 1160 K), for five different values of the
ac–H binding energy eb. Note the appearance of hysteresis for relatively large
alues of eb.
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Fig. 5. Final concentrations of H atoms (bottom figure) and vacancies (top fig-
ure), xH(∞) and xv(∞), respectively, that underlie the volume contraction shown
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n Fig. 4. Calculations have been performed at a fixed temperature (T = 1160 K),
or five different values of the Vac–H binding energy eb. Note a strong tendency
or the formation of M3VacH4 for large values of eb.

roportionally to xH(0), whereas for eb < 0.36 eV, it stays rather
mall over a wide range of xH(0).

The concentrations of H atoms and vacancies in the final
tate that have caused this volume change, xH(∞) and xv(∞),
re shown in Fig. 5, as a function of xH(0). For the strong binding
eb > 0.40 eV), the composition quickly changes to M3VacH∼3
xH(∞) ∼ 0.8 and xv(∞) = 0.25) for any initial H concentrations.
or the weaker binding (eb < 0.36 eV), on the other hand, smaller
mounts of H and vacancies are introduced. Significant to note
s the appearance of hysteresis for the intermediate values of eb.

For evaluating the implication of these results, it is necessary
o elucidate the actual calculation procedure how a series of
ata points were obtained in increasing and decreasing initial H
oncentrations. The procedure is as follows:

1) Start with a vacancy-ordered hydride M3VacH4 (Cu3Au-
type metal lattice), with xH(0) = 1 and xv(0) = 0.25,
corresponding to sufficiently low values of μH.

2) Increase μH by an appropriate amount to remove a small
amount of H.

3) Allow introduction/removal of H atoms and vacancies
repeatedly until new equilibrium is attained. Calculate the

concentrations of H atoms and vacancies by taking the aver-
age over 2,400,000 subsequent repetitions (300 repetitions
per site for both H atoms and vacancies) in this equilibrium
state.

o
m
b
s
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4) Repeat (2) and (3) until sufficiently low H concentration is
reached.

5) Decrease μH by an appropriate amount to induce a small
increase of H.

6) Allow introduction/removal of H atoms and vacancies until
new equilibrium is attained. Calculate the average concen-
trations of H atoms and vacancies as in (3).

7) Repeat (5) and (6) until sufficiently high H concentration is
reached.

The appearance of hysteresis indicates that there is an energy
arrier between the two states, a vacancy-rich state and a
acancy-poor state, and sufficiently high thermal energies are
equired to surmount this barrier. Indeed, at higher temperatures
umps to the vacancy-rich state occur at lower H concentrations.

. Discussion

It is shown in the foregoing sections that for strong Vac–H
inding (corresponding to small ecl

f ) the ultimate defect hydride
3VacH3–4 readily forms, whereas for weak binding (corre-

ponding to large ecl
f ) only a limited introduction of Vac–H

lusters may take place. The former corresponds to the case
f Fe, Co and Ni, and the latter to Pd and Nb. In this connec-
ion, it may be noted in Fig. 5(bottom) that, for small Vac–H
inding energies, the introduction of hydrogen in the course of
acancy formation (deviation from the 45◦ line) is consistently
mall, which implies in effect that the distinction between the
pen- and closed-system conditions should be rather unimpor-
ant. This justifies the comparison of the present calculation with
he observation in Pd and Nb by closed-system experiments. It

ay be added here that this argument is also supported by pre-
iminary calculations assuming fixed H concentrations in the
acancy formation process.

For more detailed comparison with the experiments, possi-
le limitations of the model calculation have to be examined.
f the two parameters describing the elastic interaction, the
arameter γBΩ2

H/Ω0 = 0.2 eV, calculated from known mate-
ials parameters of Ni, was found to reproduce the spinodal
ecomposition temperature of the Ni–H system kTc = 0.5 eV
Tc = 580 K) [24,25], which gives endorsement to this choice of
he parameter. On the other hand, the ratio αv/αH = 3.0 has been
hosen, ad hoc, to bring the lattice parameter of M3VacH4 into
greement with experiments. A choice of αv/αH = Ωv/ΩH = 1.8,
egitimate for isolated H atoms and vacancies, has led to larger
olume expansion for defect hydrides, a result less consistent
ith the observation. This implies that lattice contraction around
vacancy with trapped H atoms should be larger than that of an

solated vacancy. In fact, evidence in support of this has been
rovided by the results of our high p, T experiments that reduc-
ion of the equilibrium cluster concentration due to a pv term
n the formation enthalpy is rather limited even at pressures

f several GPa. Under those conditions, isolated vacancies in
etals with the formation volume vv

f ∼ (1 − 0.36)Ω0 ranging
etween 7 and 10 Å3, hence pvv

f = 0.2–0.3 eV for p = 5 GPa,
hould have been subject to appreciable reductions of the equi-
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ibrium concentration. Thus, for Vac–H clusters, the formation
olume vcl

f = Ω0 + vcl
R should be smaller due to larger magni-

udes of the volume relaxation |vcl
R |.

. Summary

The formation of defect structure with superabundant M-
tom vacancies has been studied on fcc-based M–H alloys. Two
istinctly different formation processes have been observed, and
xplained, both experimentally and theoretically, in terms of
ifferent formation energies of Vac–H clusters.
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