ries, but the negative CdOOHelectrode
has been replaced by a hydrogen elec
trode (the economic advantage is a
higher charge capacity, the environ
mental advantage a Cd-free battery).
Neutron vibrational spectroscopy
One of the hydrogen storage mate
rials which is used is ZrV2xNix, where
Ni as an indispensable catalyst replaces
part of V in the parent cubic Laves
phase ZrV2. All interstitial sites in ZrV2
are tetrahedral sites, but there are three
kinds: Zr2V2, ZrV3and V4sites. Afun
damental question concerns the loca
tion of the hydrogen inthe storage ma
terial. Literature reports were contradic
tory before we started our combined
neutron vibrational spectroscopy and
muon spin rotation investigation.
The neutron results for three selected
Hconcentrations showthat the neutron
vibrational spectrum for ZrV2H05, con
sisting of a comparatively narrow maxi
mum at 145 MeV with two district
shoulders, does not change much with
temperature. We attribute this to the
presence of hydrogen on the (energeti
cally most favourable) Zr2V2site, which
owing to its low point-symmetry, gives
rise to three non-degenerate vibrational
modes.
The spectrum for ZrV2H30 exhibits
additional scattering intensity on the
low energy side of the main maximum
which we attribute to an additional
occupation of ZrV3 sites. For ZrV2H45
we detect additional scattering on the
high energy side of the main maximum
which isassumed to bedue to hydrogen
atoms on V4sites. Aquantitative com
parison with the predictions of a simple
dynamical model for the H vibrations
confirmed this qualitative analysis.
pSR
Afortunate feature of the ZrVNi sys
temin a pSR investigation is that the V
nuclei possess a large nuclear magnetic
moment and the Zr nuclei essentially
none. The three types of sites mentio
ned above are therefore magnetically
quite different, and easily distinguished
using the second moment of the local
magnetic field distribution, mirrored in
the low temperature static muon spin
depolarization rate σ0(frozen-in muon).
In order to scan the available hydro
gen sites with the positive muon, we
charged ZrV2 with hydrogen. At low
temperatures, the Hatoms occupy the
lowest energy sites: the implanted
muon will initially occupy one of the
available sites at random. The lowtem
perature plateau of the measured depo
larization rate, i.e. the static muon spin
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depolarization rate σ0, increased with
increasing H content so we conclude
that more and more of the sites with the
lowest o, namely the Zr2V2 sites, be
come inaccessible to the muon. These
are obviouslythe lowest energy sites. In
ZrV2H325H36, the measured values of
the depolarization rate are close to the
theoretical value for the ZrV3 site, i.e.,
at this H concentration the 12 Zr2V2
sites per formula unit are essentially
blocked. This is a multiple site blocking,
since an Hatom blocks besides its own
site about three other Zr2V2sites, and
resembles the situation in binary bcc
metal hydrides, where blocking exten
ding into the third coordination sphere
has been observed.
Eventually, at the highest Hconcen
trations (ZrV2H40 and ZrV2H48), the
experimental depolarization rates are
greater than theoretical values for the
ZrV3 sites: the majority of the ZrV3
sites seems to be blocked and a large
fraction of the muons is initiallythermalized at a third type of site with a large
o, i.e., a site surrounded by more than
three vanadium atoms. This is the V4
site.
Nowconsider the o plateau at inter
mediate temperatures. At around 60 K,
the thermal energy is apparently suffi
cient to release those muons which
were initially thermalized at energeti
cally unfavourable sites. They perform
some diffusional jumps and veryquickly
find a vacancy in the sublattice of the
energeticallylower sites. The muons are
trapped and —between 90 and 160 K
— do not escape from these sites
during their lifetime. Thus, in ZrV2H325,
ZrV2H360 and ZrV2H40 the muons find
empty Zr2V2 sites, whereas at the
highest Hconcentration the number of
vacancies in the Zr2V2 sublattice is
obviouslytoo small and the muons have
to be content with ZrV3sites.

Conclusions
There exists an increasing number of
cases where either neutron vibrational
spectroscopy or muon spin resonance
was used to determine hydrogen sites in
metal alloys, but to our knowledge, the
only example of where both neutrons
and muons have been applied as micro
scopic probes of local atomic topology
is the ZrV2/Hsystem.
For disordered metal/hydrogen sys
tems, both approaches offer advan
tages over the standard diffractiontech
nique owing to the lack of translational
symmetry. We anticipate that the future
will bring many more interesting and
informative investigations using neu
trons and muons. They are promising
and prospering tools, not only in the
vast field of disordered materials (ran
ging from a simple random solid solu
tion of hydrogen inmetals to the almost
total disorder of hydrogen in metallic
glasses), but also in more general re
search on metal/hydrogen systems.
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