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Local-density theory is used to study the electron charge-density distribution around hydrogen
and host palladium metal atoms. Self-consistent calculations using a finite-size molecular-cluster
model based on the discrete variational method are reported. Calculations are also done in a

simple "pseudojellium" model to study the electron response to hydrogen within the framework
of the density-functional formalism. Results of this simple approach agree very well with the
molecular-cluster model. Partial densities of states obtained in the cluster model are compared
with band-structure results and conclusions regarding the importance of the local environment
on the electronic structure are drawn. Calculated core-level shifts and charge transfer from metl-

al ions to hydrogen are compared with the results of x-ray —photoelectron spectroscopy experi-
ments in metal hydrides and are discussed in terms of conventional anionic, covalent, and pro-
tonic models. The effect of zero-point vibration on the electron charge and spin-density distri-

bution is studied by repeating the above calculations for several displaced configurations of hy-

drogen inside the cl'uster. The results are used to interpret the isotope effect on the electron
distribution around proton and deuteron.

I. INTRODUCTION

The study of the electronic structure of hydrogen
in metals is a topic of great current interest. A pro-
ton with no core electronic structure is the simplest
kind of an impurity that can be implanted into a
solid. However, the absence of core electrons results
in an effective electron-proton potential that is singu-
lar at the proton site. Consequently, the screening of
such a strong perturbing impurity cannot be handled
well by conventional pseudopotential perturbation

'

theories' or statistical methods. Nonlinear
theories' ' must be used to study the electron
response to hydrogen. A knowledge of this nonlinear
screening of the proton is useful in understanding the
electronic properties of hydrogen in metals. The
motivation behind such a microscopic understanding
of metal-hydrogen systems is not only academic, but
is also due to its practical importance in problems
such as embrittlement due to dissolved hydrogen
and use of hydrogen in energy-related technology. ~

In this paper we have studied various electronic
properties associated with dissolved hydrogen in
transition-metal systems. Although. specific calcula-
tions are performed for the palladium-hydrogen sys-
tem, our discussions and conclusions are general and
should apply to any metal-hydrogen system. Three
common theoretical approaches have been taken: (i)
The jellium model —in this model 5 (meaningful only
for nearly-free-electron systems) the periodic struc-

ture of the host is neglected and the positive charges
on the host ions are smeared out uniformly to form a
homogeneous background of density np. The screen-
ing of a proton is then treated in standard linear' or
nonlinear screening theories. 3 ' (ii) The band-
structure model —most applications based on the
augmented-plane-wave (APW) method have been
used to interpret electronic properties of
stoichiometric metal hydrides. Calculations' based
on the coherent-potential approximation" are gen-
erally used to study metals containing small amounts
of randomly distributed hydrogen. These calculations
emphasize the importance of lattice structure. (iii)
The molecular-cluster model' —this model is some-
what intermediate between the above two models. It
is generally assumed that the electronic properties of
the impurity are dictated mainly by its local environ-
ment. Thus, one treats the impurity and near neigh-
bors as forming a molecular cluster. The eigenstates
and electron charge densities are then calculated
self-consistently using the local-density approxima-
tion. In a metallic environment, the potentials asso-
ciated with both host and impurity ions are short
range due to efficient screening of the ionic charge.
Consequently, a molecular-cluster model may provide
meaningful results for the electronic structure of im-

purities in non-free-electron-like systems. Although
the above models have been extensively used in the
past, it has not been clear which features are model
dependent, and which are intrinsic to the impurity
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system. A consistent comparison of the results ob-
tained in a given system from the different models
will, therefore, be useful. In addition, we have ex-
tended the scope of both jellium and cluster models
to obtain more detailed information about the
hydrogen-metal interaction.

Using the above theoretical models, we shall
analyze a variety of problems relating to the electron-
ic structure of hydrogen in metals. Historically, there
are three simple models" that are used to describe
the behavior of hydrogen in condensed matter. The
anionic model is based upon the assumption that an
electron from the metal ion is transferred to the hy-
drogen. In the covalent hydrogen model, it is assumed
that the hydrogen is covalently bonded to metal ions.
In the protonic model, the electron is assumed to leave
the proton and to participate in filling the occupied
metallic band. It is not clear whether any of these
descriptions is appropriate for the problem of dilute
quantities of hydrogen in metals' where screening
would certainly play a dominant role. We shall study
the possible electron transfer from the metal ion to
hydrogen and the accompanying shift in the binding
energy of the core levels. Comparison can be made
with x-ray —photoelectron spectroscopy' ' measure-
ments of the core-level shifts of the metal ion in the
hydride phase compared to that in the pure metallic
state.

Through nuclear-magnetic-resonance experi-
ments, " the proton spin-lattice relaxation time is
used to provide information on the contact spin den-
sity at the hydrogen site. A comparison of this with
the deuteron spin-relaxation rate in metal deuterides
yields information on the isotope effect. ' The pro-
ton and deuteron are both light impurities, and the
effect of their zero-point vibration on the electronic
structure will be discussed.

The outline of the paper dealing with the discus-
sion of the above properties is as follows: In Sec. II
we discuss the self-consistent density-functional for-
malism for an inhomogeneous electron gas. We
prescribe a homogeneous-density scheme for treating
the screening of hydrogen in non-free-electron-like
metals. This model can be viewed as a pseudojellium
model. In Sec. III, the essentials of the molecular

— cluster approach are outlined. The results of electron
charge distribution around a hydrogen atom along
different crystallographic directions obtained in the
above two models are compared in Sec. IV. This-sec-
tion also contains a comparison of the partial density
of states obtained in our molecular-cluster model
with that of the APW band-structure approach. The
problem of charge transfer from metal ion to hydro-
gen is discussed in Sec. V in the light of recent exper-
iments using x-ray —photoelectron spectroscopy. In
Sec. VI we discuss the effect of zero-point vibration
on the electron charge and spin distribution around a
light impurity. Our results are summarized in Sec.VII.

II. HOMEGENEOUS-DENSITY APPROXIMATION

TO MOLECULAR CLUSTERS:

A PSEUDOJELLIUM MODEL

In this section we prescribe a scheme to study the
screening of a proton in a non-free-electron-like me-
tal. In the conventional jellium approach, the elec-
tron density of the homogeneous background is given
by a density parameter r, where

, w(r, a—p)'=I/np .4

np( f }= X np(r R„)—
V

where n p(r R„) is—the free-atom charge density cen-
tered on the R„th lattice site and can be computed
from a knowledge of the one-electron orbitals, '

P„p„(r), namely,

(2)

np(r) = X (y„( (r) ('
nlm

=2 X RJ(r) (3)
„( 4m

where 2(2I +1) is the spin and orbital degeneracy
factor and R,~(r) is the radial wave function of the
quantum state nl. Thus, the density parameter r, is
itself a function of r, i.e., 3 mr, '(r) ap =1/np(r). In

palladium (fcc) crystal, for example, the proton is
known to occupy the octahedral site. The ambient
density at this point can be evaluated from Eq. (2).
In practice, however, it is sufficient to consider only
the nearest-neighbor host ions since the second and
further out neighbors make a negligible contribution
to the ambient electron density.

Having determined the ambient electron density at
a point r; in space, the response of the electrons to a

The conduction-electron density, no, is determined by
accounting for the number of "free" electrons, Z
(usually the valence) per atomic volume, Qp, i.e.,
np = Z/Qp. The electron distribution around the pro-
ton is then studied by embedding the point charge in
this homogeneous medium. In extending this
scheme to non-free-electron-like systems, the first
difficulty is to estimate the quantity, Z. In keeping
with the spirit of the jellium model, one should in-
tegrate the sp component of the electron density of
states up to the Fermi energy EF to estimate Z. This
obviously requires a prior knowledge of the partial
density of states obtained in the band-structure calcu-
lation. In addition, one assumes that the interaction
between the impurity and the host d electrons is
negligible.

In the following we suggest an alternate scheme.
To determine the ambient electron charge density
n p(r) of the perfect host at any point in space to a
first approximation, we use the noninteracting atom
model. In this model,
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proton at that point is calculated by assuming that the
electrons respond to the proton as if the proton is sit-
uated in a homogeneous electron gas of density
Ilp(f~). This model will be referred to as the "pseu-
dojellium" model and is obviously an approximation
to a more complicated molecular-cluster model (dis-
cussed in Sec. III) where hydrogen and the surround-
ing metal ions are allowed to interact among each
other in establishing the ground-state distribution of
the electron density. The justification for the use of
this pseudojellium model can only be made after
comparing the results (see Sec. IV) with that ob-
tained in the more sophisticated molecular-cluster
model.

We have used the density-functional formalism
of Hohenberg, Kohn, and Sham (HKS) to treat the
screening of the proton in the pseudojellium model.
Much has been written about the HKS theory and we
refer the reader to the recent papers by Jena et al."
for further details. The numerical work for the
density-functional formalism has been carried out in
a manner described earlier. ' The charge density
n ( r ) and spin-density n ( r ) distribution around hy-
drogen have been calculated self-consistently to a-
precision of better than 2% in n (r) in the vicinity of
the proton.

III. SELF;.CONSISTENT

MOLECULAR-CLUSTER MODEL

We also use the local-density formalism described
earlier in carrying out molecular-orbital (MO) calcula-
tions on finite clusters representative of the solid.
The MO eigenstates are expanded as a linear combi-
nation of atomic orbitals,

y„(r) = Xaj(r —R~)Cq„
J

(4)

is approximately solved by minimizing certain error
moments on a sampling grid in r. The effective
Hamiltonian for states of spin o- is given by

+ Vcoul+ Vexch, u

where the first two terms are the kinetic energy and
Coulomb potential. The exchange. potential is taken
in the usual form,

V,„,„=—6n[3n (r)/4m]'~' .

The value a =0.7, close to that of Kohn and Sham,

The variational coefficients (Cj„l are obtained by
solving the secular equation of the discrete variation-
al method. ' This method has been described in de-
tail elsewhere. ' Here, we only note that the
single-particle equation,

(h —a„)y„(r)=0

was used in all calculations. There exist more ela-
borate local-density exchange and correlation poten-
tials which are found to lead to small differences in
self-consistent energy levels and charge densities for
transition metals. These differences are too small
to be of any consequence for the present work.

Calculations were made for the octahedral Pd6 and
PdqH clusters with bond length taken for the bulk Pd
metal. The proton was placed either at the (0,0,0)
octahedral site, or displaced along the [100) direction.
A spin-restricted (assuming n =

2 n) model was

used, with the iteration procedure starting from su-
perimposed atomic charge densities, Interaction of
the cluster with the crystalline environment was ig-
nored, since we plan to concentrate on properties as-
sociated with the center of the cluster. However, for
any reasonable treatment of bulk metal properties, it
is necessary to embed the cluster in an effective
medium. In order to compare these results with
band-structure calculations and experiments on
stoichiometric PdH, it is necessary to study the sensi-
tivity of our calculated electron densities around hy-
drogen to its chemical environment. We have, there-
fore, repeated our pseudojellium calculations by con-
sidering the lattice parameters and geometrical ar-
rangements of Pd and H in PdH. The decrease in the
ambient charge density due to the surrounding Pd
atoms in PdH as a result of lattice expansion is found
to be somewhat compensated by the additional con-
tribution of the hydrogen atoms to the ambient
charge density. As a result, the calculated self-
consistent electron density at the hydrogen site in
PdH does not differ significantly from that of a single
octahedrally coordinated hydrogen atom in pure Pd.
This calculation was not repeated for the self-
consistent molecular-. cluster model. However, we do
not expect the results to be qualitatively different.
Thus, the comparison of the electronic properties as-
sociated with hydrogen, in Secs. IV —VI, in the pseu-
dojellium and molecular-cluster models with band-
structure calculations and experiments on PdH is
meaningful.

IV. COMPARISON BETWEEN PSEUDOJELLIUM,
MOLECULAR-CLUSTER, AND BAND-STRUCTURE

MODELS

This section is divided into two parts. Firs&, we
discuss the electron charge density around a proton
octahedrally coordinated to six neighboring Pd atoms
obtained self-consistently in both the pseudojellium
and molecular-cluster model. Second, the partial
density of states obtained in the molecular-cluster ap-
proach will be compared with APW band-structure
calculations. 9

In Fig. 1 we present a comparison of the ambient
charge density obtained by a superposition of the
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FIG. 1. Electron charge-density distribution inside the
unit cell of Pd. The solid line represents a self-consistent
molecular-cluster calculation based on a six-Pd-atom cluster;
the dashed line is obtained by a linear combination of free-
atom charge densities centered at individual nuclear sites of
the above cluster. The octahedral site (equilibrium confi-
guration of hydrogen given by &&) defines the origin of the
real-space coordinate system.

free-atom charge densities (dashed curve) with that
calculated in the molecular-cluster model consisting
of six interacting Pd atoms located at the face centers
of the cube (solid curve). At the octahedral site
(taken as the origin) the charge density due to the in-
teracting metal atoms is about a factor of 2 larger
than that due to the simple superposition model.
The anisotropy remains small, as expected, for dis-
tances up to lao (Bohr radius) from the origin.
However, for farther distances, the charge density
along the [100] direction increases much more rapidly
than along the [110]and [111]directions since the
nearest-neighbor Pd atom lies along the [100] direc-
tion. This anisotropy in the ambient charge distribu-
tion is also apparent from the simple noninteracting
atom model.

The electron distribution around a proton embed-
ded at the octahedral interstitial site in Pd metal is
calculated self-consistently in the pseudojellium
model and is compared with the molecular-cluster
(Pd6H) result in Fig. 2. The electron densities at the
proton site in these two calculations differ from each
other by about 17% while the discrepancy gets nar-
rower as one goes farther away from the proton. The
charge distribution remains isotropic within a sphere
of one Bohr radius around the proton. This result
along with the agreement between pseudojellium and
molecular-cluster models may, at first, be surprising.
An analysis of the different angular momentum com-
ponents of the charge density based on the jellium
model reveals that the electrons around the proton
have predominantly s symmetry. This result is con-
sistent with the angular momentum resolved partial
density of states for the Pd6H cluster inside the hy-

FIG. 2. Comparison between the electron charge densities
along the [100], [110],and [111]directions around an oc-
tahedrally coordinated hydrogen atom calculated self-
consistently in the molecular-cluster (solid curve) and pseu-
dojellium (dashed curve) models.

drogen sphere (see below) as well as with the
predominant s-wave scattering from the hydrogen
determined from de Haas —van Alphen experiments
in copper containing dilute amounts of hydrogen, If
one were to use the ambient density at the octahedral
position in Pd from the molecular-cluster calculations
for the Pd6 complex instead of that obtained from the
noninteracting atom model, the pseudojellium model
for Pd-H would yield an electron density at the pro-
ton site that is 35% higher than the Pd6H cluster cal-
culation. However, with this approach the pseudojel-
lium model looses its attractiveness, since the re-
quired Pd6 cluster calculation needed to determine
the ambient density is as difficult as the full Pd6H
calculation. It is interesting that the charge density at
the proton site in the pseudojelliurn model is higher
than that obtained in the molecular-cluster calcula-
tion. This result is consistent with one's physical in-
tuition that in the molecular-cluster model, a fraction
of the electrons around hydrogen will be pulled away
to screen the Pd atoms and to form the Pd-H bond as
well. In addition, the pseudojellium model treats the
ambient interstitial electrons as free-electron-like.
Since the interstitial density includes a d-state contri-
bution and the d electrons are less polarizable than s
electrons of the same density, the pseudojellium
model would tend to overestimate the proton screen-
ing.

To compare the energy eigenvalues of electrons
between molecular-cluster and band-structure
models, we use the concept of partial density of
states (PDOS). We decompose the charge density
into contributions from different sites and obtain in-
formation about the metal-hydrogen bond. In addi-
tion, it is possible to make a comparison with the
PDOS found in APW band-structure calculations on
stoichiometric PdH. The cluster PDOS is found as a
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sum of Lorentzian lines of width y centered at the
molecular-orbital energies,

D„(E)= Xf~ E —Eg 2+y2 (8)
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Here y was chosen as 0.4 eV (consistent with the
discrete level structure of the cluster and uncertainty
of -0.1 eV in cluster levels due to basis-set limita-
tions), and f+ were taken to be atomic populations
obtained from a Mulliken population analysis of the
eigenvectors. The cluster PDOS for Pd 4d and hy-
drogen 1s states-are shown in Fig. 3. The Pd-H bond-
ing band centered at -8 eV below the Fermi energy
has a strong resemblance to that found for the or-
dered compound by the APW method. This sug-
gests that these very different models are converging

upon a common description. The total density of
states for the cluster, containing sizable metal sp con-
tributions, is also shown in Fig. 3. With the main
features aligned to remove level shifts due to small
cluster size, we see that the density of states for Pd6
and Pd6H clusters differs little, except for the bond-
ing Pd-H peak noted in the PDOS curves. We now
turn to a discussion of the electron-spin density at
the proton site in PdH as obtained from band-
structure and pseudojellium models.

Using the method in Sec. II, we have calculated the
spin-density enhancement, [n t(0) —n f(0) ]/
(not —not ) at the hydrogen site in Pd to be 10.7. The
corresponding band-theory result9 for PdH is 6.8. A
critical comparison between the pseudojellium and
the band-theory result for the spin density is ham-

pered since the APW band-structure9 calculation was
not carried out self-consistently. It is, however, en-
couraging that our result is in s~iquantitative agree-
ment with band calculation. Neglect of a periodic ar-

rangement of Pd atoms in the pseudojellium model
gives rise to a spin density that is larger in magnitude
than the band-theory result. This systematic trend,
as described in Sec. IV, also exists in the charge den-
sity at tke proton site.

The nuclear-spin-lattice relaxation rate at the hy-
'

drogen site calculated in the pseudojellium model
(with the s density of states at the Fermi energy tak-
en from band-theory result) is about 57% higher than
experiment. '7'8 It is worth mentioning -that the
Knight shift (which also measures the spin density)
at the positive muon (a light isotope of hydrogen)
sites in paramagnetic metals calculated5 in the jellium
model are consistently higher than the corresponding
experimental values. ' Thus, the jellium model is
found to consistently overestimate the electron
charge and spin density ai the hydrogen site. The ef-
fect of introducing the periodic array of metal ions
would be to reduce the magnitude of these electron
densities —a trend in the right direction for explaining
the experimental data.
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FIG. 3. Partial density of states in arbitrary units for (a)
hydrogen 1s, (b) Pd 4d states, and (c) total density of states
for Pd6H (solid line), and Pd6 (dotted line) clusters.

V. CHARGE TRANSFER AND CORE-LEVEL
SHIFTS DUE TO HYDROGENATION

This section deals with a discussion of models of
the chemical bond between hydrogen and metal ions
and the effects associated with possible charge
transfer from the metal ions to hydrogen. In solving
the set of self-consistent HKS equations2 in Sec. II,
we have found that the effective potential is strong
enough to form weakly bound states with two elec-
trons as have been found earlier by several work-
ers ' throughout the metallic density range. Even
though single-particle eigenvalues have no funda-
mental meaning in HKS theory, the whole of band
theory based on HKS formalism rests on their in-
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free-atom, and Pd6 Pd6H cluster configurations. In
the six-Pd-atom cluster, some charge from each atom
is donated to the conduction sea resulting in an in-
crease of about 0.4 eV in the ion core levels. The ad-
dition of hydrogen accentuates this trend. The Pd-H
bonding charge is being drawn from the vicinity of
the metal ion core [see Fig. 4(a)], leaving core levels
still more tightly bound.

This effect has been seen in a recent experiment by
Veal et al. '6 involving x-ray —photoelectron spectros'-
copy. These authors have compared the core-level
shifts of Zr 4p and 3d levels in ZrH~ 65 with that in
pure Zr and find that the levels shift to higher bind-
ing energies by 0.7 and 1 eV, respectively. This
result is consistent with our cluster calculation in the
Pd-H system. A quantitative comparison of these
core-level shifts at this stage is unwarranted since we
expect these shifts to depend on the local environ-
ment. In the hydride phase, for example, the con-
centration of hydrogen is high. Thus, we expect the
magnitude of shifts in Table I due to hydrogenation
to be significantly larger than the present estimate.
As pointed out earlier, the molecular cluster has to
be embedded in a potential background simulating
the crystalline environment. We are presently carry-
ing out these calculations for several transition-metal
hydrides.

VI. ISOTOPE EFFECT ON THE ELECTRON
DISTRIBUTION AROUND ~H AND 2D

Studies of neutron inelastic scattering' "on metals
containing hydrogen reveal localized modes for hy-

drogen which in palladium occurs at 56 meV. As-
suming that the proton moves in a harmonic poten-
tial well, this localized mode corresponds to a mean-
square hydrogen vibration amplitude of 0.07 A2. In
this section we discuss briefly the effect of this zero-
point vibration on the electron distribution around
the point charge.

Jena et al. ' have recently analyzed the isotope ef-
fect using a semiempirical model based on the band-
structure calculation and a first principles calculation
based on the pseudojellium model. They have shown
that these two distinctly different models yield physi-
cally similar results on the electron-spin density at 'H

and 'D sites in PdH. The results successfully ex-
plained the higher nuclear spin=-lattice relaxation
rate" of D compared to 'H as due to larger zero-
point vibrational amplitude of hydrogen. The reader
is referred to the paper of Jena et al. ' for details. In
this section we make a comparison of the electron
charge distribution around a displaced proton ob-
tained in both the pseudojellium and molecular-
cluster models. This comparison should provide
some insight into the quantitative significance of the
results of the pseudojellium calculation.
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FIG. 5. Self-consistent molecular-cluster result for elec-
tron charge-density distribution along the [100j direction
around a hydrogen atom located at (0,0,0) ( curve),
(0.3,0,0) (——-curve), (0.8,0,0) (——curve), and (1.2,0.0)
(—-—-curve). The inset shows a comparison between the
electron charge density at the proton site in a molecular-
cluster (solid curve) and pseudojel)ium (dashed curve)
models.

In order to gauge the reliability of the pseudojelli-
um model in interpreting effects associated with the
zero-point vibration, we have carried out the
molecular-cluster calculation (see Sec. III) for four
different configurations of the hydrogen atom inside
the Pd octahedron, i.e., the equilibrium site and con-
figurations of hydrogen displaced by 0.3ao, 0.8ao, and
1.2aa along the [100) axis. The results are plotted in

, Fig. 5.
The fact that the electrons follow the proton faith-

fully can be seen from the figure. Two other in-

teresting points are worth noting. First, the electron
charge distribution around the proton is very close to
being isotropic even for a proton displaced by as
much as 0.8ao from the equilibrium configuration.
Second, the electron density at the proton site as a
function of displacement (see inset of Fig. 5) in-

creases rapidly as the proton approaches the nearest-
neighbor Pd atom. While the ambient density at a

. point 1.2ao from the equilibrium configuration along
the [1001 direction increases by a factor of 2 (see Fig.
I) the self-consistent proton-site density increases by

more than a factor of 3 (see Fig. 5). This enhance-
ment can be attributed to the formation of a stronger
Pd-H bond as the nearest-neighbor Pd-H distance is

reduced to 2,4Qp. A similar displacement in other
directions produces a smaller enhancement. This an-

isotropy of the proton environment is primarily
responsible for the deviation between the pseudojelli-
um and the cluster results for large proton displace-
ments.
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To compare the above results with the predictions
of the pseudojellium model, we have followed the
same procedure as outlined for the spin density. The
results are compared with the molecular-cluster
model in the inset of Fig. 5. Note that both the cal-
culations are in close agreement with each other for
displacements up to 0.5ao from the equilibrium config, -

uration. However, for larger displacements, the
pseudojellium model fails to account for the sharp
rise in the electron charge density at the proton site.
The configuration-averaged charge density following
the prescription of Jena et al. ' in the molecular-
cluster model is 0.35/ao3, whereas it is 0.405/ao' in the
pseudojellium model. The nature of this agreement
between two models is similar to that at the equilibri-
um configuration discussed earlier. This close agree-
ment between the configuration-averaged charge den-
sities (in spite of the large discrepancy for larger dis-
placements) is not surprising since the probability of
the proton being at a displaced position becomes con-
siderably smaller as the displacernent increases. It is
encouraging that the pseudojellium model gives not
only qualitatively the same result for the config-
uration-averaged charge density as the more sophisti-
cated molecular-cluster model, but it is also in semi-
quantitative agreement with the latter. It is to be
noted that cluster calculations will be quantitatively
influenced by both cluster size and boundary condi-
tion. A 10% deviation is a reasonable estimate of
these effects. Calculations of electron-spin density at
the proton site in the molecular-cluster model, in-

cluding effects due to zero-point vibration, are not
available at the present time to compare with the
pseudojellium model. However, we do not expect
any major differences.

VIII. CONCLUSION

In this paper we have attempted to give a compre-
hensive discussion of the electronic structure of hy-
drogen in metals. Although specific calculations for
the Pd-hydrogen system were performed, the theoret-
ical models and subsequent discussions are applicable
to a general metal-hydrogen system. Our results are
summarized in the following:

(i) A homogeneous density response model within
the framework of density-functional formalism
was used to calculate the nonlinear electron charge
and spin distribution around hydrogen in palladium.
The results were compared with our self-consistent
molecular-cluster model. The charge density in the
vicinity of the proton in these two models is found
to agree to within 12%. We, therefore, suggest that
for semiquantitative analysis, our pseudojellium

model would serve as an efficient calculational
method. This model is particularly attractive when
one realizes that the numerical effort is considerably
less than that involved in a self-consistent molecular-
cluster calculation' let alone that in a self-consistent
supercell band calculation. ' The electron-spin densi-
ty at the proton site in the Pd-H system was found to
be in fair agreement with the non-self-consistent
band calculation for PdH.

(ii) A comparison between our molecular-cluster
calculation and the band structure indicates agree-
ment in the nature of the palladium-hydrogen bond
and in the qualitative shape of the partial density of
states.

(iii) From a comparison of the electron charge dis-

tribution around palladium in its pure state with that
upon hydrogenation, we find that there is a signifi-
cant charge transfer from the vincinity of the metal
ion to the hydrogen sphere. This consequently
results in a shift in the core-level binding energies of
the metal ion in the hydride phase towards higher
binding as compared to its pure state. This result is
consistent with a similar effect observed' in ZrH~ 65

from x-ray —photoelectron spectroscopy measure-
ments. The resulting excess electron density around
hydrogen in a metallic environment compared to that
in free space gives rise to a physical picture that hy-
drogen in metals remains in a slightly "anionic" state.

(iv) The electron-spin density at the equilibrium
proton site was calculated self-consistently using the
generalized density-functional formalism. ' Combined
with the energy-band density of states of s electrons
at the Fermi energy, this calculation yielded the pro-
ton spin-lattice relaxation rate that was 57% higher
than'the experimental value. " The effect of the fin-
ite mass of the proton and deuteron on the electron
charge and spin distribution of the surrounding elec-
trons was studied in PdH and PdD in two distinctly
different models. Both calculations yield a larger
electron-spin density at the 'D site than at the 'H

site —a result in agreement with recent experimental
data. The effect of zero-point vibration on the elec-
tronic structure was also studied in the self-consistent
molecular-cluster model for various displacements of
the proton. The time-averaged charge density at the
proton site was found to be in good agreement with
the pseudojellium model.
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