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Abstract

An ab initio electronic structure study is presented of hydrogen-hydrogen interactions in an
electronic environment perturbed by the presence of palladium atom clusters. In particular, we
investigated changes in the interatomic potential when the atomic centers are trapped inside an
fec palladium octahedral hole and when they are separated from each other by a (111) plane of
palladium atoms. The (111) plane was modeled with a cluster of three palladium atoms. Self--
consistent field (scF) level calculations were performed, and palladium atom pseudopotentials
were employed to make the systems studied computationally tractable. For pairs of atoms placed

_within the octahedral hole, various lines of approach were considered [along the (100), (110), and
(111) directions). Lattice deformations and electronic excitations were examined for their effect
on the interatomic potential. :

I. Introduction

Although the controversial claims of cold fusion by Fleishman et al. [1] and
Jones et al. [2] sparked our initial interest in electronic screening within Pd
lattices, the research presented here is of broad and fundamental importance,
because of the catalytic, superconducting, and absorptive properties of Pd(s)
[3-5]. We view the present work as a contribution to the electronic structure of
palladium-hydrogen systems (for an overview of prefusion studies carried out on
palladium-hydrogen systems, see [6]). In it, we have investigated the ground
electronic states of PdH and Pd,H,, singlet and triplet states of Pd¢H, and
Pd;H,, and electronic states resulting from various deformations of the Pds octa-
hedral hole containing a H; molecule.

Mintmire et al. [7] carried out local-density functional theory calculations on
a system of 108 palladium atoms in an fec structure with a single hydrogen atom
located in each octahedral hole. They seeded this structure with first one and
then two additional hydrogen atoms and found that the relaxed structure was
such that the hydrogens repelled each other with no potential energy minimum
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found. Mintmire et al. also performed Xa calculations with the hydrogens con-
strained to approach each other along the (111) direction.” Again, only repulsive
H. interactions were discovered.

Sun and Tomének [8] and Wang et al. [9] employed density functional calcula-
tions to show that a minimum exists in the D, curve at 1.76 au provided that the
deuterium molecule was aligned in the (100) direction. This distance is even
greater than the bond length of gaseous D,, which is approximately 1.4 au
(1au = 0.529 A).

Further density functional calculations were carried out by Dunlap et al. {10]
on Pd¢H; and Pd.H,. Although they employed two separate energy functionals
and allowed for expansion of the Pd lattice, they found no evidence for an in-
creased HH binding energy over free H,. The claim that the binding energy of
HH is weakened with a palladium lattice was again supported by Christensen
et al. [11], who carried out calculations within the local-density approximation
for H, in a homogeneous electron gas. Halley and Vallés [12] carried out molecu-
lar dynamics simulations on PdD, with n = 1,3, 4, and 5 in a static fec lattice of
108 Pd atoms with periodic boundary conditions.

In Section II, we use ab initio methods to look for states of H; trapped within
a palladium octahedral hole that might give rise to a less repulsive interatomic
potential. In Section III, a summary and discussion are presented.

II. Electronic Structure Calculations

In the following sections, we consider the ab initio evaluation of the interac-
tion potential for HH within a palladium octahedral hole and with Pd;.

A. Method and Systems Studied

Choice of Basis Sets: All the calculations presented are of the ab initio scF
level. For most of the systems studied, the choice of basis sets was as follows: for
palladium, the (1s, 1p, 1d) Hay and Wadt 10-electron pseudopotential basis with
relativistic corrections [13]; and for hydrogen, the (6-3116**) Pople basis [14]. For
our study of Pd;H,, we chose to use the (2s, 2p, 2d) double-zeta Hay and Wadt
10-electron pseudopotential basis with relativistic corrections [13]. These calcula-
tions were performed using the MESS Kit (Molecular Electronic Structure Kit)
software modules.*

"The (111) directions may be visualized as follows: The octahedral Pd hole is created by six Pd
atoms, each of which lies at the center of the face of a cube. The (111) direction pass is defined by
a ray that passes through the center and a corner of the cube.

*The Utah MESS Kit software was written during 1986-1990 primarily by R. A. Kendall, E.
Earl, R. Hernandez, H. L. Taylor, D. O’Neal, J. Nichols, M. Hoffmann, M. Gutowski, K. Bak, J.
Boatz, M.W. Feyereisen, W. Xiao, and J. L. Anchell. The code was written in a highly modular
format, so that improvements in any module or additions of new modules that provide added
functionality are facilitated. VAX VMS, Cray CTSS, SUN, Multiflow, RS6000, and FPS versions
are available.
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Systems Studied: The molecular systems studied in this work are PdH, Pd,H,,
Pd;H,, and Pd¢H,. PdH was chosen for study to assess the quality of our basis
set. Pd,H, provided insight into the elementary interactions between palladium
and the H; molecule. Pd¢H; was studied to model the nearest-neighbor interac-
tions between the nuclei of two hydrogens found within an octahedral hole of
solid palladium. The system Pd;H, was chosen to model the interaction of two
hydrogens approaching each other from opposite sides of the (111) surface of the
palladium lattice.

HH Cohesion Energy: We define the HH interatomic potential, V'(R) by
V'(R) = E(Pd,H,) — E(Pd,) — nE(H), 1)

where E(Pd, H,) is the total energy of the palladium lattice plus hydrogen atoms,

E(Pd,) is the energy of the palladium lattice, and E(H) is the energy of one hy-

drogen atom. V'’(R) is also known as the negative of the cohesion energy [8]. In

this work, m = 1,2,3,6 and n = 1,2. The cohesion energy may be thought of as

the free, or gas phase, H; interaction energy plus the perturbation to this interac-
tion energy brought about by the presence of palladium atoms.

Counterpoise [15] corrections were included for the PdH and Pd,H, calcula-
tions and for the lowest singlet states of the Pd¢H, systems. Counterpoise correc-
tions were not included for the Pd¢H electronic excited states, because, in lieu
of carrying out intractable multiconfiguration calculations on the systems stud-
ied, it is not obvious what the dissociation products of the PdsH electronic ex-
cited states are. On the other hand, we have assumed that as the HH
internuclear distance, R, goes to infinity that the lowest singlet state of the
Pd¢H, system dissociates to the closed-shell ground electronic state of Pds and
the ground state of two hydrogen atoms. This assumption enabled us to carry out
counterpoise corrections for our lowest singlet-state calculations. For Pd;H;, we
used a double-zeta basis set, which reduced the error from basis-set superposi-
tion to a relatively small value of a few hundredths of an electronvolt. Conse-
quently, no counterpoise correction was applied to this system.

B. Results

1. PdH: To assess the quality of our basis and the level of calculation, we
compare our calculation of the ground X * state of PdH to the all-electron two-
configuration mMcscr nonrelativistic calculations of Bagus and Bjorkman of the
same state [16], to the complete active space/first-order configuration interaction
followed by relativistic configuration interaction calculations (rct) on the %%,
state carried out by Balasubramanian et al. [17], and to spectroscopic experimen-
tal results [18]. To be consistent with the above sources, we enforce the dissoci-
ated state of palladium to be of '3(d"°) symmetry. In Table I, our results and
those cited above for the equilibrium bond distance, R., and the dissociation en-
ergy, D., of PdH are listed. The tabulated values of R, and D, indicate that the
present method that employs pseudopotentials has closer agreement with rela-
tivistic calculations and experimental results than does the all-electron two-
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TasLe 1. Equilibrium bond lengths and dissociation energies obtained for PdH.

Present work TCMCscF [16] ret [17] Exp. [18]
Ground state 3t e R = G
R, (au) 3.0 in 2.89 2.90
D, (eV) 2.29 1.39 2.21 33

configuration mMcscr. This somewhat fortuitous result indicates that the present
calculations should be judged acceptable.

2. Pd;H;: The primary aim of our investigation is to search for an arrange-
ment of palladium atoms that might increase the cohesion energy between the
hydrogen atoms at short HH distances. Such an arrangement would decrease
the classical turning point, R* and thus allow for greater tunneling than in free
hydrogen.

To simplify the problem, we start with an HH pair with a bond length fixed at
R = 0.6 au. For free H,, the Born—-Oppenheimer potential at this distance is re-
pulsive. We next consider two geometries with the palladium atoms equidistant
from the center of the H—H bond. In the collinear arrangement, the Pd atoms
lie along the H—H bond axis, (D, symmetry). In the transverse configuration,
the palladiums are at right angles to the H—H bond (D2, symmetry). We then
calculated the HH interatomic potential as a function of the distance Rp;y be-
tween the hydrogen and the nearest-neighbor palladium.

For the collinear geometry, the electronic state of Pd,H, and the reference lat-
tice, Pd,, which include hydrogen atoms ghost functions, was of 'S, symmetry.
For the transverse geometry, the electronic states of both Pd,H, and the refer-
ence lattice were of ‘4, symmetry.

The results, which are plotted in Figure 1, show clearly that at no distance do
the two palladiums lower the cohesive energy relative to the cohesive energy of
free H,. The effect of the palladiums only serves to create a greater repulsion
between the hydrogen atoms.

3. Pd¢H,: Ground Singlet States of PdsH,. We chose three different geometries
to study the ground electronic state of an HH pair trapped within an octahedral
hole. The lattice constant of the fcc structure was taken to be 7.35 au to match
the experimentally determined value [19]. The hydrogens were allowed to ap-
proach each other along the (100), (110), or (111) directions. For the (100), (110),
and (111) HH pair orientations, we studied the closed-shell '4,,, '4,, and '4,,
electronic states, respectively.

We calculated the reference lattice energy, E(Pds), appearing in Eq. (1) in the
closed-shell 'A state.® For bulk palladium, energy-band calculations give valence

%Our scr level calculations revealed that some triplet states of the Pd cluster are slightly lower
in energy than the lowest-energy closed-shell state. However, the Pds energy was only needed to
define the zero reference for the cohesion energy as shown in Eq. (1). For consistency, we have
used the closed-shell Pds energy as the reference energy for all systems involving six palladium
atoms throughout the paper.
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Figure 1. H; interatomic potential for both the collinear and transverse ge-
ometries of Pd;H; as a function of PdA—H distance.
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d populations of 9.63 [20]. To approximate this large population, we chose the
symmetry of the molecular orbitals composing the single Slater determinant, so
as to correspond to the 30 symmetry-adapted basis functions arising from linear -
combinations of the five d functions centered on each Pd atom in the lattice.

We tested this assignment of the orbital symmetries for the lowest-energy sin-
glet configuration by calculating the scF energy and wave function without ex-
plicit use of symmetry (i.e., the scr algorithm assumed C, symmetry for the
cluster).

For the PdsH, we used the molecular orbital symmetry assignments for the
lattice, which was described in the preceding paragraphs, and also included one
extra doubly occupied orbital that transforms according to the completely sym-
metric representation. Correctness of the resulting electronic configuration was
again tested via a parallel C, calculation.

The intermolecular potentials of the Pd¢sH, clusters in their lowest singlet
states as a function of HH internuclear distance are shown in Figure 2. This fig-
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Figure 2. Lowest singlet-state intermolecular potentials in Pd¢H; as a function of
internuclear distance for H; oriented in the (100), (110), and (111) directions.
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ure is essentially the same as the Figure 1 that appears in the work by Dunlap
et al. [10], in which local density functional theory was used to study the same
system. At large HH internuclear separation, the cohesion energies in all three
orientations is greater than thie cohesion energy of free H,. This is consistent
with our knowledge that palladium metal is able to absorb large amounts of hy-
drogen and that saturated palladium has less than one (approximately 0.6) hydro-
gen atom per octahedral hole; that is, as long as the hydrogens are far enough
apart, they are energetically more stable within the lattice than free and bound
to each other. In the (100) direction, the interatomic potential reveals a mini-
mum at 1.7 £ 0.1 au. This is in agreement with Sun and Tomanek’s [8] result in
which they obtained a minimum at 1.76 au. - ;

Although it is dissociative, the path of least resistance at long distances
(R = 2.9 au) is along the (111) direction. This result is in accord with molecular
dynamics simulations [21, 22] that show that the favored path for diffusion of hy-
drogen in palladium is-from octahedral to tetrahedral to octahedral site. [The
octahedral-to-tetrahedral path is in the (111) direction.] However, we observe
that the value of R* for free H; is less than the value of R* for all three of th
systems studied that include palladium atoms. ]

Intermediate calculations showed that if the counterpoise corrections were not
included one would have quite contrary results; that is, one would observe that
the lattice-hydrogen system was conducive to allowing hydrogens to approach
closer together that in the free H; case. However, the BSSE is quite large—on the
order of 2 eV!!

In Figures 3-5, we have plotted orbital energies as a function of HH internu-
clear distance, R, of the (100), (110), and (111) lines of the HH approach. There
are several salient features common to each of these figures. First, the lowest-
lying molecular orbital has dominant atomic orbital (A0) contributions from the
1sy + 1sy orbitals centered on the hydrogens. This is like the bonding o molecu-
" lar orbital in free H,. The orbital of next lowest energy is dominated by the lin-
ear combination lsy — 1sg. This is like the antibonding ¢* Lumo in free H,.
However, in this case, the orbital is doubly occupied, and so in a local picture of
the H; molecule inside of the Pd lattice, one could say that the H, has a bond
order of zero. As the HH bond length is decreased, the energies of the “c” and
“o*” orbitals diverge rapidly and the “c” orbital drops at a precipitous rate. At
very short distances (e.g., R < 0.6 au), the “o*” orbital begins to cross into the
Pd lattice band.” Interestingly, the Lumo in all cases shown is of the same sym-
metry as the “o*” molecular orbital. Above the LuMo in energy lies an orbital
whose domiinant Ao contribution is from 2sy + 2sy. Although the other virtual
orbitals are increasing in energy as R decreases, the energy of this particular vir-

he basis-set superposition error could have been minimized by employing a larger basis set,
- such as t'he Hay and Wadt double-zeta pseudopotential basis. However, the size of the systems
died limited the number of basis functions employable.

_alladiufu lattice band,” we mean a manifold of orbital energies that are closely spaced
s8¢ dominant Ao contributions are from atomic orbitals centered on the palladium lat-
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Figure 3. Lowest singlet-state molecular orbital energies of the PdsH cluster for.
the (100) orientation of Hz. The symmetry of the cluster is isomorphic to the point
; group Dy,.

tual orbital decreases monotonically. At very short distances, (R Z 0.2 au), this
orbital’s energy decreases so much that it eventually becomes the Lumo.

Triplet Electronic States of PdsH,. It is possible that there exists excited states
that will allow the HH pair in the octahedral hole to approach closer together
than in free H,. For this investigation, we chose to limit our study to the (100)
and (111) orientations of the HH pair. We will consider two classes of triplet
states. The first arises from excitations of a single electron from the Homo to the
rumo. For the (100) and (111) orientation, these are states of *4,, and *B;, symme-
try, respectively. These states were chosen simply because they are energetically
easily accessible.

A second class of triplet states involves excitation from the HoMo to the virtual
orbital dominated by the 2sy + 255 combination of aos. For the (100) and (111)
orientation, these are states of *B,, and *4,, symmetry, respectively. For both of
these states, the electron is excited to an orbital possessing a;, symmetry. These
states are attractive to our investigation for two reasons: First, at short HH dis-
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Figure 4. Lowest singlet-state molecular orbital energies of the Pd¢H; cluster for
the (110) orientation of H;. The symmetry of the cluster is isomorphic to the point
group Dy

tances, the virtual a;; orbitals in question become the LumMos, so that for small R
it should be least energetically expensive to excite electrons to these states. Sec-
ond, investigation of the shape of these molecular orbitals suggests that they
have qualities conducive to screening of the H* H™ interaction. Figure 6 is a car-
toon that describes the orientation of the hybridized orbitals for these two a;,; or-
bitals in question. In both cases, one sees that there is a buildup of the electronic
density between the two hydrogens plus a node in the density between the palla-
dium lattice and the hydrogens. The increased density between the hydrogen nu-
clei should provide shielding to the H* H* Coulombic interaction. By exciting
an electron to the bonding a,, orbital, we improve the HH “bond order” from
zero to one-half.

~ The interatomic potentials as a function of R for the above-mentioned excited
states are shown in Figure 7. For the (100) orientation of the HH pair, much of
§ “:hat We expected can be observed in these figures. At large values of R, the ex-
Cited state that arises from excitation to the a,, LUMO has a greater HH cohesion
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Figure 5. Lowest singlet-state molecular orbital energies of the Pd¢H; cluster for
the (111) orientation of H;. The symmetry of the cluster is isomorphic to the point
: ; group Dsg.

energy than those excited states resulting from a promotion of an electron to the
bonding a,, virtual orbital. As R decreases, this discrepancy in energy is re-
duced—this is expected as we have seen that the a,, orbital energy declines as
the HH distance is shortened. This trend continues until at very short distances
(not shown'in the figure due to limitations on the scale and the resolving power
of the graph) the interatomic potential of the B, state becomes lower in energy
than the *B,, state. For the (111) orientation of the HH pair, the cohesion energy
of the “bonding” *4,, state is, surprisingly, everywhere greater than the °4,, state.

For the (111) orientation of the HH pair, no minima are observed for either
triplet state. No minimum was observed for the (111) orientation of the HH pair
in the ground singlet state either. For the ’B,, state of the cluster with the HH
pair oriented in the (100) direction, a minimum appears at 1.7 au, which is the
same internuclear distance as obtained for the singlet state. The B, state shows
a minimum at 1.5 au. This bond-length shortening relative to the singlet state
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Figure 6. (a) Virtual a,, orbital for the PdsH; cluster with H; oriented in the (100)
direction; (b) virtual a,, orbital for the Pd¢H; cluster with H, oriented in the (111)
direction.

may be a result of the screening of the nuclei from the electron in the a;, orbital
discussed above.

Even though in the (100) case we were able to screen the nuclei, so as to re-
duce the HH bond length, the total energy of the excited state is significantly
higher. Therefore, at a given energy for the colliding hydrogens, the classical
turning point for the excited states maintains the hydrogens further apart than
the classical turning point of the ground state.

4, Pd¢ Lattice Distortions: In the following two sections we consider states of
the Pd¢H, system in which the palladium lattice has been distorted: Of course,



