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Hydrogen site occupation in a binary metal compound of YPd3 with L12 structure is studied experimentally
and theoretically. In contradiction to the semiempirical heat of the formation model, which predicts the
interstitial site preferably occupied by hydrogen atoms in intermetallic compounds, the present neutron-
diffraction study reveals that the hydrogen atoms occupy preferentially the characteristic interstitial site sur-
rounded by six Pd atoms rather than the interstices surrounded by two Y and four Pd atoms. This result is
confirmed by the first-principles calculations based on the local-density-functional theory. The difference in the
electronic interactions between hydrogen and host atoms is shown to be largely responsible for the occupation
of the specified interstitial sties by hydrogen in intermetallic hydride.@S0163-1829~97!03322-5#
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Most ternary metal hydrides~throughout this work we use
the words hydrogen and deuterium interchangeably and
sume that their chemical behavior is identical! derive from
binary metal compounds or alloys which absorb hydrogen
filling interstitial sites in their metal atom network. The r
sulting hydrogen concentrations per unit volume are of
higher than that of liquid hydrogen, which makes terna
metal hydrides attractive hydrogen storage materials.1 The
hydrogen storage capacity is limited by the reluctance
hydrogen to occupy all available interstitial sites in the me
atom network. The number of available interstices in
structures generally greatly exceeds the number of hydro
atoms absorbed. The hydrogen occupancy for various in
stices may be rationalized in terms of geometrical facto
lattice distortion created by the hydrogen, and electronic
teractions between hydrogen and host atoms.

A simple model to predict the interstitial sites preferab
occupied by the H atoms in intermetallic compounds h
been suggested by Jacobet al.2 and Giessen and Riesterer3

According to this model the occupancy of the interstitial si
is determined by the heat of formation of the imaginary h
dride ~the embedded hydride cluster! formed from the H at-
oms and host atoms leading to the interstitial site in con
eration. On the other hand, Westlake4 and Magee, Leu, and
Lundin5 have claimed that interstitial hole size an
hydrogen-hydrogen interatomic distance can be used to
dict the hydrogen occupied sites in the hydride of interm
tallic compounds. They found that an increase in hole siz
accompanied by greater stability. In order to make a s
towards better understanding the factors which limit hyd
gen sorption capacities, we intend to study the hydrogen
bility in the ternary metal hydrides, and try to find the h
drogen distributions that minimizes the total energy.

In this paper, we report powder neutron-diffraction e
periments and first-principles calculations on the distribut
of H atoms in the ternary metal hydride of YPd3H~D!x.
Neutron-diffraction experiments provide quantitative info
mation on the distribution of hydrogen~the relative hydrogen
occupancy! among the various interstitial sites.6 The theoret-
ical calculations were made to determine the preferential
for hydrogen in the YPd3 compound. A sample of YPd3 was
550163-1829/97/55~21!/14051~4!/$10.00
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prepared by arc melting the appropriate proportions of hi
purity ~better than 99.9%! metals in an argon atmospher
The resulting ingot was annealed at 1000 °C for 173 ks in
evacuated quartz tube to ensure homogenization, after w
it was pulverized to,250 mm. Before hydrogenation, the
powder samples were activated at 733 K for 3.6 ks in
vacuum. Subsequently, they were hydrogenated using h
purity hydrogen~deuterium! at the pressure of 5 MPa for 17
ks between 300 and 773 K. The neutron-diffraction expe
ments were carried out on the Kinken powder diffractome
at the JRR-3M reactor of the Japan Atomic Energy Resea
Institute Tokai. The neutron wavelength was 1.767 Å and
diffraction patterns were recorded over the angular range
,2u,104° in a step of 0.1°. The details of the neutro
diffraction studies on the YPdHx will be reported elsewhere.

7

Analysis of x-ray and neutron-diffraction patterns fro
the YPd3H~D!x for the different H~D! contents have con
firmed that theL12-type structure of YPd3 is preserved on
hydrogenation up tox50.30, while the lattice parameter ex
pands slightly froma54.074 Å for x50 to a54.080 Å for
x50.30. A quantitative comparison of the diffraction inte
sities was made using neutron-diffraction data from YP3,
YPd3H0.30, and YPd3D0.19. The observed data are listed
Table I in comparison with the calculation. It will be see
from Table I that the relative intensity of the diffraction line
are considerably different from each other; e.g., the 100
fraction line is stronger than the 110 diffraction line fo
YPd3H0.30, while for YPd3D0.19 the 100 diffraction line is
weaker than the 110 diffraction line. These characteristic f
tures of the diffraction patterns can be understood quite w
assuming the preferential occupation of the specified octa
dral interstitial sites by H~D! atoms. In the YPd3 compound
of L12 structure@space groupPm3m: one Y atom in the
~0,0,0! position and three Pd atoms in the~0,1/2,1/2!, ~1/
2,0,1/2!, and~1/2,1/2,0! positions#, there are only two differ-
ent octahedral interstitial sites: the 6Pd site surrounded by
Pd atoms and the 2Y4Pd sites surrounded by two Y and
Pd atoms. The coordinates of the 6Pd and 2Y4Pd sites
~1/2,1/2,1/2! and~1/2,0,0!, ~0,1/2,0!, and~0,0,1/2!. Then, the
structure factors for YPd3Hx are expressed as follows:
14 051 © 1997 The American Physical Society
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TABLE I. A comparison of the diffraction intensity with the calculation.

YPd3~300 K! YPd3H0.30 ~300 K! YPd3D0.19 ~70 K!

h k l FObs FCal FObs FCal FObs FCal

1 0 0 0.15 0.16 0.18 0.18 0.05
1 1 0 0.18 0.16 0.15 0.14 0.28 0.27
1 1 1 0.73 2.68 2.79 2.79 2.56 2.58
27 0 0 2.62 2.68 2.65 2.57 2.86 2.80
2 1 0 0.19 0.16 0.16 0.18 0.05
2 1 1 0.15 0.16 0.11 0.14 0.24 0.27
2 2 0 2.76 2.68 2.50 2.57 2.78 2.80
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for
F~hkl!5bY1bPd$cos~pk!cos~p l !1cos~p l !cos~ph!

1cos~ph!cos~pk!%

1ubHcos~ph!cos~pk!cos~p l !1vbH$cos~ph!

1cos~pk!1cos~p l !%,

wherebY , bPd, andbH are the scattering amplitudes of y
trium, palladium, and hydrogen, respectively, and two
rametersu andv are occupation probabilities of hydrogen
the 6Pd and 2Y4Pd sites, respectively. The parametersu and
v are related to the hydrogen fraction per formula unitx; x
5u13v. The nuclear-scattering amplitudeb adopted for yt-
trium, palladium, deuterium, and hydrogen are 0.77, 0.
0.65, and20.378310212 cm, respectively. Good agreeme
is obtained if we assume the values of the occupation p
abilities u50.12 andv50.06 for YPd3H0.30 at 300 K, and
u50.175 andv50.005 for YPd3D0.19 at 70 K. The structure
factors calculated using these values are listed in the fo
and sixth columns of Table I, and the reliability factors a
less than 0.03. These results indicate that the H~D! atoms
prefer the 6Pd site to the 2Y4Pd site.

The intensities of 100 and 110 reflections of t
YPd3D0.19 sample were measured as a function of tempe
ture to investigate the temperature dependence of the o
pation probabilities of the 6Pd and 2Y4Pd sites. It is no
that the intensity of 100 and 110 reflections changes ap
ciably with temperature; with increasing temperature the 1
peak is lowered while the 100 peak become higher. The
rametersu andv which represent the occupation probabi
ties by the D atoms on the 6Pd and 2Y4Pd sites, respectiv
are obtained from the diffraction data at various temperatu
between 70 and 518 K. Since the numbers of the octahe
sites are larger than the number of H~D! atoms, the relative
occupation numbers can be calculated using a Boltzm
distribution function to good approximation. In Fig. 1, th
v/u value is plotted against the reciprocal temperature (1/T),
where the solid line corresponds to the theoretical values
De50.024 eV. From this plot, the potential energy diffe
ence between 6Pd and 2Y4Pd sites is evaluated to be 0
10.005 eV/atom. At temperature above 400 K, however,
observed values increase suddenly, and this phenomen
presumed to be associated with an order-disorder trans
in the hydrogen distribution.
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According to the semiempirical heat of formation mod
by Jacobet al.2 and Giessen and Riesterer,3 the occupancy of
the interstitial site is determined by the heat of formation
imaginary ternary metal hydrides formed between the hyd
gen atom and the host metal atoms forming the intersti
site in consideration. In the YPd3 structure, there are two
kinds of octahedral sites coordinated by six nearest-neigh
metal atoms and formation of Y2Pd4Hx and Pd6Hx hydrides
is expected. The heat of formation of these hydride clust
was calculated by Driessenet al.,8 and theDH2Y4Pd and

FIG. 1. Ratio of occupation probabilitiesv/u versus reciprocal
temperature. The solid line corresponds to the theoretical value
De520.024 eV.
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DH6Pd values were evaluated to be20.38 and20.20 eV/
atom, respectively. As for the size of holes at interstit
sites, the hole radii for the 6Pd and 2Y4Pd sites are evalu
to be 0.76 and 0.42 Å, respectively, if we use the coval
radii which are 1.62 and 1.28 Å for yttrium and palladiu
atoms, respectively. Therefore, the present neutr
diffraction result which shows the preference of the 6Pd
occupancy by the H atoms is consistent with the hole s
criteria, but is in contradiction to the prediction by the imag
nary hydride model.

In order to determine the preferential site for the H ato
in the YPd3 compounds theoretically, first-principles calc
lations of the total energy of the hydride cluster with diffe
ent hydrogen positions have been carried out. All theoret
results presented here are obtained within the local-den
functional theory9 using a pseudopotential approach. T
electronic wave functions are presented in terms of pl
waves, and we have taken into account plane waves up
kinetic energy of 500 eV. The atomic configuratio
1s12p0 for H, 4d15s25p0 for yttrium, and 4d105s05p0 for
palladium are used for generating the norm-conserv
pseudopotentials in Kleinman-Bylander form.10 The
exchange-correlation potential due to Ceperley and Alde
employed as parametrized by Perdew and Zunge11

Brillouin-zone integrations are carried out with fourk points
in the irreducible part. To accelerate the energy converge
in our conjugate-gradient optimization of total energy, w
introduce a smearing of band structure which is about
eV. This procedure has been applied very successfully to
relaxation calculations of many systems, especially for m
tallic systems. Details of the method can be found in Ref.
The hydride supercell used for the calculation consists
23232 unit cells, which corresponds t
Y8Pd24H ~YPd3H0.125! composition. In order to find the mos
favorable position of hydrogen, we move the hydrogen at
along the line from the 6Pd site to the 2Y4Pd site and c
culate the total energy. All atoms except hydrogen are
lowed to relax freely. Figure 2 shows the result of the to
energy as a function of distance from the 6Pd site to
hydrogen atom. From this figure we find that the 6Pd site
energetically more favorable than the 2Y4Pd site and
total-energy difference is 0.49 eV. The energy barrier fr
the 6Pd site to the 2Y4Pd site is 1.185 eV. At the intersti
6Pd and 2Y4Pd sites, the lattice distortion created by
hydrogen contributes about 0.04 eV to the total energy
the atom displacements of the surrounding Pd atoms
within 0.02 Å. It is concluded, therefore, that the differen
in the electronic interactions between hydrogen and hos
oms is largely responsible for the hydrogen occupancy
interstitial sites in intermetallic hydrogen. We have also c
culated the vibrational frequencies of hydrogen at the 6
.
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and 2Y4Pd sites, respectively, and the results show that
the 6Pd site the frequencies are threefold degenerate and
while at the 2Y4Pd site the frequencies are imaginary, whi
indicates that the 2Y4Pd site is a saddle point, not a sta
site for a hydrogen atom to occupy.

The total-energy calculation for the hydride cluster wit
different hydrogen content reveals that the total-energy d
ference depends on the hydrogen concentration; the to
energy difference for the hydride cluster of the YPd3H1.0
composition is evaluated to be 0.18 eV/atom. The discre
ancy in the total energy between experiment and the fir
principles calculation described above may be attributed
the difference in hydrogen concentration or the deviatio
from stoichiometric composition, as well as the neglect
the thermal effects in the calculation.

In conclusion, the hydrogen site in the binary metal com
pound of YPd3Hx has been studied experimentally and the
retically. The neutron diffraction gives clear evidence th
the hydrogen atoms preferentially occupy the octahedral s
formed by six Pd atoms rather than the site formed by two
and four Pd atoms. The first-principles calculations based
local-density-functional theory show that the most favorab
position for hydrogen corresponds to the 6Pd site, and t
difference in the electronic interactions between hydrog
and host atoms is responsible for the occupation of specifi
interstitial sites by hydrogen in the intermetallic hydride.

We are grateful to the members of the Supercomputi
Center of IMR for their continuous support of the HITAC
S3800/380 system.

FIG. 2. Total energy as a function of distance from the 6Pd s
to the hydrogen atom.
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