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Abstract. Ab initic psendopotential calculations for H in Pd are used in order to construct an
auxiliary short-ranged host-lattice~particle potential which well reproduces the large number of
available ab initio data. This potential (instead of an empirical potential as employed in previous
treatmients) is used in a quantum mechanical calculation of hydrogen as well as of £ and 7+
states in Pd, which takes into account the dependence of the lattice relaxation on particle mass
and particle state. These calculations allow us to determine Jahn-Teller coupling constants of
excited states and the dependence of lattice displacements on the isotopic mass. It is found
that coupling to lattice modes with E-symaetry is dominant. The effect of lattice relaxation on
the total energy difference if hydrogen is localized at tetrahedra! or octahedral sites and on the
excitation energies as measured by inelastic neutron scattering experiments is also discussed.

1. Introduction

The theoretical investigation of the behaviour of a light particle endowed with one positive
elementary charge (u+, =+, p, d, t) in 2 metal is confronted with 2 complicated many-body
problem. The constituents of this many-body system are the particle, i.e, the hydrogen
nucleus or p¥(z*), the host metal electrons, and the host ions, which are all coupled.
Firstly, the system of the host metal electrons is strongly perturbed due to the presence
of the particle, giving rise to screening of the particle charge and to modifications in the
interactions between the screened host ions. Secondly, the screened particle couples to the
host ions which leads to strong local lattice distortions and thus to self-trapping. A further
complication comes into the problem because the particle is light and therefore its degrees of
freedom have to be treated quantum mechanically. All these effects have to be incorporated
into a satisfactory theoretical treatment of the problem.

The phenomena which we want to discuss are energetics and site assignment, lattice
displacements in the self-rapped state, local vibrations of the impurity, and diffusion-related
properties. The emphasis is on the first three problems whose solution provides the basis
for a treatment of the numerous questions related to the field of quantum diffusion. In
particular, we want to investigate the dependence of site occupation and of the local lattice
distortions on the particle mass. Furthermore, we want to know how big the differences in
the lattice distortions are between the particle being in the ground or an excited vibrational
state.

The problems mentioned above have already been tackled in several previous treatments
on the basis of a computational scheme in which the metal-particle interaction is either
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described by empirical pair potentials (Sugimoto and Fukai 1980 and 1981, Klamt and
Teichler 1986a, 1986b, Christodoulos and Gillan 1991) or within the framework of the
quasi-atom {effective medium) theory (Puska and Nieminen 1984). The elastic response of
the lattice was described by static lattice Green functions (Sugimoto and Fukai 1980 and
1981, Klamt and Teichler 1986a, 1986b, Puska and Nieminen 1984) and the interactions
among the host atoms were modelled by Finnis-Sinclair potentials (Christodoulos and Gillan
1991). The strength of these treatments is that they take the quantum character of the particle
fully into account. Their weakness is the use of empirical pair potentials which are obtained
by fitting to only a few experimental data, i.e. to typically two or three excitation energies of
localized particle vibrations, as determined by inelastic neutron scattering, and to the elastic
double-force tensor, First of all this reduces the predictive power of the method and secondly
one cannot expect that a detailed and precise modelling of the particle-host interaction is
possible in this way. Furthermore, for many materials of interest the required experimental
data are not available. In their work Puska and Nieminen (1984) avoided using experimental
data. However, because of the use of the quasi-atom concept, quantitative accuracy in the
interaction energies conld be claimed only at the Jevel of about 0.2-0.5 V. A treatment
based on the gquasi-atom concept in its present development is therefore not suited for giving
reliable answers to the subtle problems mentioned above.

On the other hand, full ab iritio computations which include all the different aspects
discussed at the beginning of this section are at present, even within the local-density
approximation, completely impossible. Therefore a pair-potential description of the particle—
host interaction has also been chosen in the present work, but with the important modification
that the pair potentials are constructed on the basis of ab initic calculations in the local-
density approximation. The response of the host lattice is treated using lattice Green
functions. I constructing the pair potentials the following data obtained by ab initio
pseudopotential calculaticns in the local-density approximation have been used:

(i) total energy curves of ordered metal-hydrogen alloys as a function of the
displacement of the hydrogen sublattice relative to the sublattice formed by the host metal;

(ii) forces exerted on neighbouring metal atoms as hydrogen is introduced into the rigid
host lattice;

(iii) information on forces contained in the calculated volume expansion due to hydrogen
loading.

In the ab initio calculations the extension of the hydrogen nuclear wavefunction is
entirely neglected. Furthermore, the calculation of the local lattice relaxation is quite
time consuming and therefore can be performed for only a few high-symmety situations.
Proceeding in two steps, as will be done in the present work, avoids these shortcomings of
state-of-the-art ab initio treatments of hydrogen in metals without losing too much of the
precision reached by these techniques during the last few years.

The particular material investigated in this part of the present work (part I) is the
FCC metal Pd. Part O (Krimmel gt al 1994) is devoted to o-Fe which crystallizes in the
BCC structure, To the best knowledge of the authors the only work that treats particle
wavefunction and local lattice relaxation for a FCC metal in detail is the work by Puska
and Nieminen (1984) who calculated the ground-state vibrations and the corresponding
lattice distortions for various hydrogen ‘isotopes’ including #% in several FCC metals and at
octzhedral (O) as well as tetrahedral (T) sites in order to determine the stable site. Earlier
work by Teichler (1978} on Cu includes the ground-state wavefunction of the particle in the
calculation of lattice relaxations, but not self-consistently, and in very recent calculations of
H in Pd with the effective-medinm theory (e.g. Christensen et ¢f 1990, Engberg et al 1993)
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the particle is considered as point-like. The aims of the present calculations are as follows.

(i) To determine the sites at which self-localization of the particle takes place and to
investigate whether in addition to the self-trapped state with minimum energy there exists
a second metastable self-trapped state localized at some other site, the metastable site. The
particle-mass dependence of the site-stability will be taken into account.

(ii) To investigate the dependence of the local lattice relaxation at fixed particle mass on
the vibrational state of the particle. Particular emphasis is Iaid on the role of the Jahn—Teller
effect of degenerate excited particle states and on the determination of the relevant coupling
parameters to the lattice because certain peculiarities in the inelastic neutron scattering
spectra in PdH, were atiributed to the Jahn—Teller effect (Klamt 1987).

The layout of the paper is as follows. In section 2 a general outline of the method is
given and the basic formulae, although already given in previous papers, are collected and
discussed in the context of the present treatment. Section 3 gives details of the construction
of the pair potential. Sections 4 to 7 contain the results.

2. The model

The calculation scheme used in the present treatment is the same as the one already employed
in a series of previous treatments of hydrogen—metal systems (Sugimoto and Fukai 1980,
1981, Puska and Nieminen 1984, Klamt and Teichler 1986a, 1986b). A modified version
of the treatment of the host-atom-host-atom interaction was employed in the work of
Christodoulos and Gillan (1991). In order to derive the basic equations, the electronic
degrees of freedom are eliminated via the Born-Oppenheimer approximation in a first step.
After that the Hamiltonian describing the system consisting now of the host lattice and of
the particle coupled to the host-lattice atoms may be written in the form

H=T+T+ H) (R)+ U(R,T) BN ¢)

where T;, and 7p are the kinetic energy operators of the lattice or the particle, respectively,
and where the adiabatic potential has been decomposed into a term H describing the
interaction among the lattice atoms in the absence of the particle and a term U which
contains all interactions associated with the presence of the particle. R denotes the 3N
coordinates of the host-lattice atoms and 7 the particle coordinates. The interaction U/ may
be built up by pairwise interactions between the particle and the neighbouring host-lattice
atoms, by the differences in the interaction among host-lattice atoms in the vicinity of the
particle which are induced by the particle, and by further many-body effects.

The next step is the adiabatic decoupling of the motion of the particle from that of
the host-lattice atoms in a second Born-Oppenheimer approximation. This leads us to the
Schrédinger equation

[Tr + U(R, )}y (r, R) = E*(R)¥*(r, R) 2

from which the particle wavefunction ¥*(r, R) and energy E*(R)} at a fixed configuration
of the host lattice may be calculated. In the present treatment the harmonic approximation
for the host-lattice interaction H in the absence of the particle is adopted, i.e.

HY = %uDou 3)

where w is a 3N-dimensional vector containing the displacements of the host-lattice atoms
from their equilibrium positions (R") in the lattice without a particle and D is the matrix
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of force constants of the unloaded lattice. The static equilibrium configuration R, or ug
of the lattice in the presence of the particle in state o is determined by

D%Z, + Vo E°(ud) =0 @)

which may be expressed via the Helimann-Feynman theorem (Hellmann 1937, Feynman
1939) as

D°u;, + (P, ui) IV U (R + ul, )y (r, uf)) = 0. (5)
Equation (5) may then be written in the form

uf = G F*(ud) (6a)

G = (D% (6)

Fu) = —(§* (r, W Vo U (R + u, P)[¥*(r, w)). (6c}

GP is the static lattice Green function (Tewary 1973, Leibfried and Breuer 1978) and
F%(w) is the expectation value of the forces exerted on the host-lattice atoms at the lattice
configuration u, calculated with the eigenfunction of the particle in state ¢ at the same . If
U(R®+u, ) and G? are known, equations (2), (6¢) and (6c) may be evaluated iteratively
in the way described by Sugimoto and Fukai (1980, 1981), Puska and Nieminen (1984), and
by Klamt and Teichler (1986a, 1986b) in order to obtain self-consistent solutions, i.e. the
equilibrium displacements ug, which are consistent with the forces calculated from (62) and
(6c) using the solution ¥{r, uey) of the Schrodinger equation (2) in the potential which
comresponds to the displacements zeq.

In order to illustrate some general problems we first describe the potential surface
U(R®+u, r) approximately as a sum of pair potentials V between the particle and the host
atoms and by an additional term which takes into account that the force constants between
the host atoms in the vicinity of the particle may be different from those in the unloaded
lattice. This change in the force-constant matrix is denoted by §D. Thus one obtaing

UR +u,m) =Y V(r—(B)+un)) + jusD(r)u )

where R}, u, are now three-component vectors giving the position of the host atom with
number r. From (6¢) one obtains

F(u, 7)== 3 (¢°|Va, V(r — (B + u))¥®) — (¥18DIy ). (8)

The first term in (8) is non-vanishing for w4, = 0. Each term in the sum over » contributes
to just the components of F* describing the forces on atom n. Of course, the first term in
(8) could be replaced or supplemented by more complicated many-body forces. The second
term is non-vanishing only for w # 0. Although this term should be better viewed as
contributing to the elastic energy of the host lattice, it is attributed to the particle energy. If
in the following we speak of an elastic energy, we are referring only to the elastic energy that
is stored in the unloaded reference lattice if the same lattice displacements are introduced
there as in the lattice containing the particle. This energy is given by

Ey= -%'ILDO'U, = %Fu. )]

Now we can formulate the requirements for an adequate treatment of the particle-host
system. Firstly, we have to demand that the r dependence of U (R, 7) is modelled precisely
enough for all relevant lattice configurations R and those values of 7 which are important in
order to calculate accurate particle wavefunctions and vibrational energies (measured from
the minimum of U/ (R, ) as a function of 7). Secondly, we have to know those terms which
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do not greatly change the shape of U(R, r) as a function of = -but lead to a shift of the
potential as R is changed from R® to R®+wu. One term of this kind is the second one in (8)
singe 8D (r) presumably depends only weakly on ». This term has a quadratic dependence
on u. However, contributions to U(R, r) depending weakly on r and contributing already
to linear order in u are conceivable as well. Such terms are important for two reasons:
firstly, they may enter into the total energetics which, for example, becomes relevant if the
relative stability of different sites occupied by the particle is investigated; secondly, they
enter into the fictiious forces which act on the reference lattice. In this way these terms
affect the determination of u., and of the elastic energy.

In the following we describe all the discussed effects approximately by a superposition
of radial pair potentials

U(R,7) =) V(r - R.. (10)

At first sight the individual terms in (10) seem to be unsuited to describing the contribution
of the elastic energy -;-uSDu to U{R, r), because each individual interaction in (10} gives
rise to forces on the particle and on the host atoms which are related by the principle of
action and reaction whereas %u&Du leads to forces on the host atoms (for & 5% 0), but not
necessarily to forces on the particle. However, due to the occurrence of the sum over host
lattice atoms the ansatz is flexible encugh to describe approximately all the various effects
discussed before.

In order to determine the parameters which appear in V, the ansatz (10) was fitted to the
following data, which for the main part are results of self-consistent ab initio psendopotential
calculations (Elsasser 1990, Elsdsser ef gl 1991a, 1991b, 1992, 1994a, 1994b) based on the
density functional theory in the local-density approximation:

(i) a whole set of energy versus displacement curves which were obtained in a series
of total energy calculations for a supercell geometry in which the hydrogen sublattice was
rigidly displaced relative to the host lattice along certain high-symmetry directions; thereby
the local relaxation of the host-lattice atoms swrounding the particles is not considered, but
a volume expansion of the supercells due to the introduction of the particles is taken into
account;

(if) forces that act on neighbouring host-lattice atoms if a hydrogen atom is placed at
some high-symmetry position and the lattice atoms are kept at the sites of the unloaded
lattice;

(iii) the elastic double-force tensor determined from either the measured or the calculated
volume expansion caused by loading the host crystal with hydrogen.

A detailed discussion of the particular data used in order to construct pair potentials is
given separately in section 3 for Pd and in section 2 of part I (Krimmel ez al 1994} for Fe.
However, a few general remarks will be given here.

The energy versus displacement curves at a given lattice configuration R (undistorted
host lattice with the new equilibrium lattice constant for the loaded system) are only available
for materials with a high hydrogen content (PdH, PdsH, FeH) because only in such cases
can one work with supercells that are small enough to keep the computing effort within
reasonable bounds. On the other hand, our ultimate aim is the investigation of the properties
of a single defect (limit of low defect concentration) and not of a dense defect lattice. In
the case of Pd where energy versus displacement curves are available for more than one
single hydrogen concentration, it is therefore tempting to give higher priority to a good
fit of the pair potential to the energy curves of the material with lower hydrogen content
(see below). Nevertheless, the other energy curve is also included in the fitting procedure
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because we can expect that this will improve the transferability with regard to changes in
the host-atom distances. In fact, the energy versus displacement curves were calculated at
the equilibrium lattice constant which changes with hydrogen content. On the other hand,
one might think that the variation of the hydrogen content leads to additional variations in
the pair and many-body interactions which are not describable in terms of a dependence
on the lattice constant (or lattice configuration R). Since we are only interested in the
low-concentration limit we would not want this dependence to be included. However, such
effects appear to be unimportant. We note that the pair interactions among the hydrogen
atoms do not influence the shape of the energy versus displacement curves but lead only
to a constant energy shift because the hydrogen sublattice is shifted rigidly relative to the
host lattice. The same is apparently true for other interactions since calculations of the
energy differences between the octahedral and the tetrahedral site as well as between the
octahedral site and the lowest lying saddle point performed on PdH, at fixed lattice constant
and for hydrogen concentrations ranging from x = 1 to x = 1/32 show that these energy
differences are essentially independent of the hydrogen content. Therefore, the changes in
the energy versus displacement curves, calculated at the equilibrium lattice constant, as one
goes from PdH to Pd4H should reflect the variation of the potential energy surface U(R, r)
with the lattice configuration R for a single hydrogen atom in the host crystal. From this
point of view the energy curves which should get the largest weight in the fitting procedure
are those corresponding to nearest-neighbour distances which are near to the typical host-
atom-host-atom distances in the locally relaxed environment of the hydrogen impurity. For
hydrogen placed at an O site this is the case for PdsH as shown below,

The fit of (10) to the energy versus displacement curves is not unique. Many very
different pair potentials (purely repulsive potentials as well as potentials which are attractive
at larger distances) give very good fits. This freedom can be used and has to be used to
incorporate information on forces into the pair potential. The ab initio computation of forces
representative for a single hydrogen atom requires the use of rather large supercells since the
computed forces ate the result of the superposition of the individual contributions from all
hydrogen atoms of the hydrogen sublattice and are therefore largely determined by symmetry
conditions for small supercells. For hydrogen sitting at high-symmetry sites and for smail
supercells the forces on neighbouring atoms are bound to vanish, Of particular importance
is the knowledge of the forces acting on the neighbouring host atoms of hydrogen placed
at a Jocal minimum or at a saddle point of U(R?, 7). The local minima are important
because there the occupation probability for the particle may have maxima and therefore
these points are representative for the computation of the forces F* from equation (6¢). The
forces on the neighbouring host atoms of a particle at a saddle point may become important
in the calculation of transport properties (of saddle-point energies, for instance), or in some
cases it may even happen that a saddle point is converted into a Iocal minimum due to
lattice relaxations. Additional information on the forces at the statiomary points is also
needed because, even if only pair interactions are relevant, the energy versus displacement
curves give the least reliable information on forces between an individual pair of atoms for
a particle located in the vicinity of such points. The contribution to the forces due to the
change D in the force-constant matrix are not included in the ab initio forces since these
are calculated neglecting local lattice relaxation. However, many-body effects contributing
to U (R, r) and to linear order in u are included in the ab initio forces.

Information on the ‘6D terms’ is, however, included in the double-force tensor which
is defined by

Py =3 RY(n)Fi(n) (1)
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where Fj(n) is the jth component of the force (6¢) on the nth host atom and R?(n) the i
component of its distance vector from the particle. The trace of P may be determined from
the volume change per hydrogen impurity of the host crystal, which may be either derived
from ab initio calculations or, if available, from experiment. Very recently the components
of P have been calculated ab initio directly from the Hellmann-Feynman forces on Pd
and Nb atoms in a series of cubic supercells (Elsésser ef al 1994b). The experimentally
measured volume change for cubic symmetry is given by (see, e.g., Leibfried and Breuer
1978, Peisl 1978)

AV =tP/(3K) (12)

where K is the bulk modulus. In the ab initio calculation the situation corresponds to
a particle with a §-shaped wavefunction placed at some interstitial site and therefore in
calculating the forces which appear in (11) no quantum mechanical averaging has to be
considered. In contrast, the experimental value of Pj; is determined by the quantum
mechanical expectation value of the forces and hence is related to the real wavefunction
of the particle. From the double-force tensor, information about forces acting on particular
peighbouring host atoms can be determined only if the particle occupies high-symmetry
sites and if the pair interactions are of short range otherwise the number of unknown forces
exceeds by far the number of independent equations provided by P. In the following,
the interactions will be cut off by a smooth cut-off function such that the forces are non-
vanishing only for the host atoms in the first- and second-neighbour shell of an O or T site.

Table 1, Ab initio forces on the nearest-neighbour atoms in units of eV A~! for hydrogen on
the tetrahedral (T), octahedral (O), and the triangular saddle point 8111 (see figure 1), Pd atoms
on regular lattice positions, lattice constant 2 = 3.88 &. Uncorrected data in round brackets
(see text).

HonTsite Hon Sy H on O site

PdpH (154177 (247270 (0.05) 023
PdigH (1.59) 1,70 (2.44) 257 (0.15) 0.26
PdgH  (1.62) 1.70  (2.65)257 (0.31)033

3. Determination of the pair potential

In constructing the pair potential data obtained by ab initio pseudopotential calculations
(Elsasser 1990, Elsisser et al 1991a, 1991b, 1992, 1994b) on cubic Pd,H supercells
(n = 1,4, 8, 16, 32) are used following the general principles outlined in section 2. Energy
versus displacement curves are available for PdH supercells at the ab initio equilibrium
lattice constant @ = 4.07 A, for H placed at the octzhedral site, and for Pd4H (@ = 3.94 A)
(see Elstsser 1990, Elsasser ef al 1991a, 1991b, 1992). For comparison, the ab initio lattice
constant for unloaded Pd is @ = 3.88 A. The energy versus displacement curves were
calculated along the four directions depicted in figure 1 by computing the total energies
as the hydrogen atom in the respective supercell is placed at a series of different points
on these lines while the Pd atoms are held fixed at the positions they take if hydrogen
sits at O sites. The energy of the system if H is at an O site was chosen as energy
zero. These data are shown as crosses in figures 2 and 3. Forces acting on Pd atoms in
the neighbourhood of hydrogen wete calculated by Elsidsser ef al (1992, 1994b) using the
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<001>

Figure 1. The elementary unit cell of face-centred cubic Pd with the lines along which the
energy versus displacement curves have been calculated ab initic.

Hellmann—Feynman theorem. Forces which are useful for our purposes may be obtained
only for larger supercells, i.e. PdgH, PdgH, Pds;H. All forces were calculated for the Pd
atoms held fixed at the positions of an unloaded Pd lattice. Forces which act on the nearest-
neighbour atoms if hydrogen sits at an octahedral (O) site, on a tetrahedral (T) site or at
the triangular saddle point Siy1 (see figure 1} are given in table 1. The values in round
brackets are the ones calculated by Elsisser et ol (1992). The other data were obtained by
Elsdsser et al (1994b) after submission of the present paper. Both data sets are based on
the same computational results, however, an improved analysis as developed by Elsiisser et
al (1994a, 1994¢) has been employed in the recent paper by Elsisser et al (1994b). The
absolute differences in the two data sets are small and are significant therefore only in the
case where the forces are small anyway. This happens to be the case for the forces acting on
the nearest neighbours of hydrogen placed at an O site as well as for the forces on second
and further distant neighbours if hydrogen is placed at either a T site, the saddle point Sy,
or an O site (forces on second and further distant neighbours may be found in Elsdsser
et al 1994b). A comparison of the results obtained for different supercell sizes (different
hydrogen-hydrogen distances) shows that for both data sets the forces acting on the nearest
neighbours of H'at T or Sy;; are converged with respect to the supercell size (see table
1). Apparently, this is not true for forces exerted on the nearest-neighbour Pd atoms of
hydrogen placed at the O site if these are calculated accerding to the old scheme (in table
1 the data in round beackets). The convergence with respect to the supercell size, however,
is considerably improved for the corrected data. This together with the findings that in
the PdsoH supercell calculation the corrected forces on the atoms in the second-neighbour
shell of the O site are positive (repulsive) and that the double-force tensor comes out
positive and with a reasonable magnitude (see Elsésser et al 1994b and comments below),
in contrast to an unphysical negative double-force tensor obtained from the uncorrected
forces for hydrogen on O sites, gives us the confidence that the corrected forces on the
nearest as well as on the second nearest neighbours of hydrogen on O sites may be used in
the construction of the pair potential. The forces on atoms in the third and fourth neighbour
shell of the O site come out very small and negative (attractive) but are well below the
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estimated confidence level of about 0.1 eV A~! and for PdssH may even still be affected
by the superposition of force patterns due to hydrogen in neighbouring supercells. The
situation is similar for the more distant Pd shells of hydrogen at T or Sy1;. In view of
the lack of trustworthy information on forces at larger distances we have chosen to cut
off the pair potential at distances between the second- and third-neighbour shell of the O
site. It should be noted, however, that the trace of the double-force tensor computed for
hydrogen at O sites from the corrected forces on the first and second Pd shell (neglecting
further distant shells) is only about 7.0 eV and thus smaller than the experimental value
trP = 10.0£0.5 eV (see Peisl 1978) and smaller than the values obtained from the lattice-
parameter change upon hydrogen loading as determined from the ab initio calculations on
the Pd,H supercells. Linear extrapolation of the Pd,H data to small hydrogen concentrations
gives rP = 9.0eV, (PdH) or ttP = 11.0 eV (Pd4H). This discrepancy may have its origin
either in a longer range of the forces or in an underestimation of the forces on the two closest
Pd shells. In the following we give results obtained with two different pair potentials. Pair
potential I is the one which was constructed before the corrected force values were available,
pair potential II is the one which incorporates these corrected forces. Both pair potentials
give a very good description of the energy versus displacement curves over most hydrogen
positions for which ab initio data are available. At lower energies differences in this respect
exist only in details except for the {111} direction connecting the O and the T site. For this
direction, as discussed in length below, the overall performance of pair potential II is better.
On the other hand the energy range covered by pair potential I is larger. Furthermore,
both potentials describe the forces on the nearest neighbours if hydrogen is placed at the
T site or at the triangular saddle point Sy;; almost equally well (pair potential I reproduces
perfectly the data in round brackets, pair potential II the corrected data in table 1, which are
quite close to the uncorrected ones). However, pair potential IT presumably gives a better
description of the forces at distances corresponding to the nearest- and second-neighbour
shell of the O site because it is fitted to the ab initio forces acting on the atoms of these
shells. In contrast, in comstructing pair potential I no corresponding ab initio forces had
been used since we did not trust the uncorrected ab initio forces on these atoms available
at that time, and this turned ouf to be wise. Information on these forces was included only
in so far as a reasonable description of tr? for hydrogen at an O site was demanded (a
detailed comparison of ab initio forces and forces calculated from the two pair potentials
is given below). However, fixing the value of trP even if short-range forces are assumed
still leaves freedom in ‘distributing the forces” among the two neighbouring sheils.

In our judgement, pair potential IT is the one which is much better and should be used if,
as in the present paper, equilibrivm properties are to be calculated. We give, nevertheless,
pair potential I since it may be useful for other purposes. We also include the data obtained
with pair potential I in tables 2-9 (data in round brackets) because a comparison of the
two data sets shows which of the results might be sensitive to some remaining uncertainties
existing at the present stage of development of the method and since it indicates how big
the resulting uncertainties in the results might be.

The explicit analytical expressions for the two pair potentials determined by this
procedure are as follows. Pair potential I is given by

Vi(r)/eV = 1363.4673 exp(—r/0.04582a) + 1.5716 exp[—(r/a)*>%17%/0.001982]
+{0.3033[exp((r — 0.61472)/0.07184a) + 117!
+2.2055 exp(—r/0.24727a)} £ (r) (13)
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Figure 2. The pair-potential description of the ab initio calculated energy versus displacement
curves (crosses) of Pd¢H (a = 3.94 A) along the varions paths given in figure 1, Solid curves
correspond to pair potential I, dashed curves to pair potental IF,
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Figure 3. The pair-potential description of the ab initio calculated energy versus displacement
(crosses) for PAH (g = 4.07 4) along the paths shown in figure 1. Solid curves correspond to
pair potential I, dashed curves te pair potential IL

with the smooth cut-off function (Klamt and Teichler 1986a, 1986b)

_ | expl—r?/(@® —r®)] forr <a
f= [ 0 forrza (14)

(@ = 3.94 A is the lattice constant of Pd;H) for the long-range part of the potential introduced
in order to avoid artefacts due to abruptly cuiting off the potential).
Pair potential I is parametrized by the following simple expression:

VIR eV = {3.9598 exp[—(r/a)>%2/0.002075] + 0.74205} g(r) (15)
with
— —(r — )2 2
g(r)=[ 3 exp[—(r — &)*/(0.6633a)?] iﬁﬁifi (16)
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(@ = 3.94 A). At large distances the behaviour of VI(r) is determined by g(r) which at
the same time serves as a cut-off function.

The energy versus displacement curves computed from the two pair potentials at the
lattice-constant of PdsII are shown in figure 2 (the solid curves comrespond to pair potential
I, the dashed curves to pair potential II) together with the ab initio data for Pd4H. The
analogous curves obtained at the PdH lattice constant are given in figure 3 together with the
PdH ab initio data. Both pair potentials give a remarkably good overall description of the
energy versus displacement curves for Pd;H as well as for PdH. A big difference between
the calculations performed with pair potentials I and II occurs if hydrogen is shifted along
the {001) direction from the O site towards a nearest-neighbour Pd atom. The ab initio
results at r/a = 0.2 from the O site along this direction are E =~ 3.1 €V (Pd4H) or E ~
2.4 eV (PdH) (these data are omitted in figures 2 and 3 because they lie outside the energy
scale of these figures) and are in very good agreememnt with the energy values calculated
from pair potential I whereas pair potential II gives far too smail energies at this hydrogen
position. This means that pair potential II is too soft at short distances. Such high energies,
however, are not relevant to the calculation of equilibrium properties as performed in the
present paper, but may become important in molecular dynamics simulations.

Pair potential I gives a good fit to the #b initio energy versus displacement curves
obtained for PdsH whereas the curves calculated with pair potential II deviate slightly
more. This statement is still correct for the PdH curves with the exception of the curve along
the (111} direction which starts at the O site, passes first throngh S;;; and then through
the tetrahedral site. Nevertheless, pair potential I gives a good enough fit even to the
Pd,H energy curves so that a high-quality description of hydrogen vibrational energies and
wavefunctions can be expected even for situations in which the distances between hydrogen
and the nearest-neighbour Pd atoms after lattice relaxation are in better comespondence
to the Pd4H than to the PdH lattice constant. This is particularly so if states localized
near the O site are considered. The advantage of pair potential I is that it gives a very
reasonable description of the energy versus displacement curve along (111} for PdH as
well as for Pd;H whereas pair potential I gives a less satisfactory description for PdH.
According to our remarks in section 2 this is equivalent fo a good representation of the
energy versus displacement curves of isolated hydrogen in a rigid lattice and at two lattice
constants, i.e. 4.07 A (PdH) and 3.94 A (PdsH). The same seems to be true at the Pd lattice
constant (3.88 A) where the full energy versus displacement curve is not known but the
energy difference between the local minima at T and O sites as obtained from ab initio
computations is well reproduced by pair potential II. The good description by pair potential
I of the minimum at T sites for several lattice constants indicates that the sharp bend in
pair potential IT (see figure 4) just above the distance between the T sites and its nearest Pd
neighbours (at the Pd lattice constant} is real (see also section 6).

A further advantage of pair potential II is that in its construction ab initio forces at
distances corresponding to the nearest and next-nearest Pd shells of an O site are explicitly
used. For this reason it is expected that the local lattice relaxation of states concentrated
around the O site is better described by pair potential II. In order to give a comparison of
the two pair potentials in this respect we list the values of the forces on the first and second
Pd shell due to hydrogen at an O site and of wP as calculated from both pair potentials
together with the comesponding ab initio data. The forces on the atoms in the first shell
are 0.66 eV A~! (pair potential I), 0.27 eV (pair potential M), 0.23 eV A~! (ab initio); the
forces on the second shell 0.04 eV A~! (pair potential 1), 0.12 eV A1 (pair potential II),
0.15 eV A~! (ab initio). Tt P is 8.8 ¢V (pair potential I, 9.1 &V for protons if the extension
of the wavefunction is included), 6.4 eV (pair potential II, 7.3 eV for P), 7.0 €V (ab initio
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Figure 4. Pair potential I and 1. Figure 5. Example of a tetragonal distortion according
to E-mode coupling.

if only two shells are included). Since pair potential X gives forces which decay only very
slowly between the first and the second Pd sheli, the behaviour of pair potential H is less
smooth than that of pair potential I (see figure 4), but as mentioned above, additional support
for this type of distance dependence of VI(r) comes from the energy curves along {111). It
is clear that the displacements of the nearest neighbours which are obtained if pair potential
II is employed will be smaller than the corresponding values obtained with pair potential
L. This will also lead to smaller elastic energies if the calculations are performed with pair
potential II. Or the other hand, these elastic energics are somewhat underestimated since
pair potential II gives a too small rP. How other quantities such as the vibrational energies
or the Jahn-Teller coupling energies are affected by changing from pair potential I to pair
potential II remains to be seen.

4.,- Particle states in the rigid palladium lattice

The particle states in the periodic potential due to the rigid Pd lattice (lattice constant = 3.88
A) are calculated in order to give a survey over the states and their local symmetries and
because they will be needed later as a reference in the calculation of self-trapping energies.
The calculations are restricted to the T point (reciprocal lattice vector k = 0). This is
sufficient since the energy bands are extremely narrow. The solution of the Schréidinger
equation is accomplished by a method first described by Kimball and Shortley (1934)
imposing periodic boundary conditions on the wavefunction. A detailed description is also
given in the work of Puska and Nieminen (1934). In order to obtain accurate and stable
solutions symmetry arguments should be exploited. Full use of symmetry is absolutely
necessary if degenerate or nearly degenerate eigenstates are calculated. The calculations
have been performed on a mesh of points building a simple cubic lattice. In order to test
the convergence with respect to the number of mesh points, calculations were performed
with several mesh widths, in particular with a width of 0.0647 A and 0.0485 A. Table 2
gives the energies E of the six lowest eigenstates which all have the maximum occupation
probabilities at the O site, measured from the potential minimum of the periedic potential
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at the O site, as well as symmetry (the Mullikan notation is used, see, e.g., Burns 1977)
and degeneracy of the states.

Table 2. Eigenstates of the hydrogen isotopes {(n*, 7+, p, d, t). Symmeiry (Mullikan notation),
degeneracy, vibrational energies (energies £; above the potential minimum at the O site, obtained
with potentiat II and, in brackets, with potential I) caleulated (1) in the periodic potential of
the rigid Pd lattice (a = 3.884) at the I" point (ET; all states have the maximum occupation
probability at O sites) (2) in the potential corresponding to the lattice configuration of the
self-trapped ground state (marked 51G5). In all calculations a mesh width of 0.0647 A has been
used. For comparison the ab initio results for undistorted PdsH at the equilibrium lattice constant
a = 3.94 A (Elstisser ef al 1991b) are given (lines marked with Pd;E).

State i 0 1 2 3 4 5
Symmetry Alg Tiu Tog Ajg Ep Aay
Degeneracy 1 3 3 1 2 2
EP 468 (454) 814 (817)

w* B (meV)(stos) 409 (390) 722 (686)
p

E! 390 (394) " 696 (689)
at  E; (meV) (stas) 348 (331) 617 (582)
EP 20 131)  227(227) 317 (314) 337 (331) 357 (349)  (393)
p E, (meV) (stes)  112(109) 200 (190) 280 (263) 301 (281) 321 (297)  (329)
(PdsH) 106 189 264 285 303 330
- Ef 8 (89)  150(152) 210212 22322 23B(B) Q67
d E; (meV) (s16s) 74(73)  132(12D)  185(177) 198 (187)  209(195) (222
(PdgH) 70 124 174 188 198 220
EP 67 (7))  118(121)  165(169) 175(17S) 182(181)  (213)
t E; (meV) (szas) 58(58)  103(101)  145(140) 155¢147) 162(IS3) (17D
(PdsH) 55 98 137 148 155 177

The entries in table 2 as well as in all following calculations in sections 5 to 7 of
wavefunctions and energies are determined on 2 grid with mesh width of 0.0647 A. The
ground-state energies calculated with a mesh width of 0.0485 A are higher by 0.8 meV,
0.6 meV or 0.4 meV for u*, #* and the ‘true’ hydrogen isotopes p, d, t. The excitation
energies up to the fifth excited state come out by about 1 to 3 meV higher as the mesh
width is reduced from 0.0647 to 0.0485 A. The variation is always larger for the lighter
particle and the higher excited state.

The number of iteration steps that have to be performed until the energy eigenvalues
at a given mesh width are stationary within given accuracy limits increases rapidly with
decreasing mesh width. The accuracy with respect to the number of iteration steps is better
than 0.1 meV.

In table 2 the numbers in round brackets are calculated with pair potential I, the others
with pair potential II. Differences in the two data sets obtained at the fixed rigid Pd Iattice
configuration but with two different pair potentials reflect, in the first place, slight differences
in the quality of the fits to the ab initic adiabatic potentials (in particular to the one obtained
for Pd,H) and, in the second place, a slightly different extrapolation of the adiabatic potential
to the Pd lattice constani. These differences, however, are not serions. The energies of the
eigenstates below and around 200 meV come out somewhat smaller if the calculations are
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carried out with pair potential II because this potential gives rise to a wider bottom of the
potential well at the O site than pair potential I, in better agreement with the ab initio data
(see figures 2 and 3). For higher energy states the situation is reversed. Figure 2 gives an
obvious explanation for this reversak.

5. Self-localized states at the octahedral site

In order to investigate self-localized states centred at an O site it is demanded that the
wavefunction vanishes on the surface of a sufficiently large sphere surrounding the O site.
The wavefunctions and local lattice distortions are calculated iteratively from equations (2),
(6a) and (6¢) using the static lattice Green function given by MacGillivray and Sholl (1983).
The relaxation of the 14 nearest and next-nearest neighbour Pd atoms is considered. The
total energy change with respect to the energy of the comresponding state in the rigid,
undeformed lattice, i.e. the self-trapping energy, may be written as

AE® = AES® + AEP™ 4 B}, a7

The first term in (17) is defined as AE}™® = E¥ — E}, where E* is the vibrational energy
measured from the bottom of the local potential minimum formed after self~trapping and Ef
is the corresponding vibrational energy in the periodic potential of the rigid lattice {see table
2). In the following, the superscript ‘st’” is skipped for notational convenience. In other
words, AE}'“’ is the change in the vibrational energy caused by the change of the width
of the potential well due to lattice relaxation. AE™" is the shift in energy of the bottom
of the potential well caused by lattice relaxation, and E?‘f is the elastic energy which has
to be brought up in order to deform the host lattice. E™ is calculated from equation (9)
using the self-consistently determined forces and displacements. AE}® depends of course
on the vibrationa! state. However, A E™® and E%f may also show some dependence on the
vibrational state because the expectation values of forces (see equation (8)) depend somewhat
on the particle’s vibrational state. Such effects are discussed in section 6. Table 3 shows
the ground-state vibrational energies Ep of various isotopes as well as the self-trapping
energies AEJ" together with the individual terms of equation (17) contributing to the latter.
Furthermore, the displacements of the nearest and next-nearest neighbour Pd atoms in units
of the lattice constant a = 3.88 A of the unloaded Pd lattice and the trace of the double-force
tensor are given. Table 3 shows that at least for the light isotopes a quite substantial isotope
effect exists for all quantities related to the Jocal lattice deformations, which is completely
missed in typical ab initio methods where for the calculation of lattice relaxations hydrogen
is treated as a classical particle (corresponding to a particle with infinite mass). Since pair
potential I gives forces on the nearest-neighbour Pd shell which are considerable smaller
than those caused by pair potential I, calculations with pair potential IT give much smaller
displacements of the nearest-neighbour Pd atoms than corresponding ones performed with
pair potential I. For this reason all energy changes associated with lattice relaxation are
much smaller if they are computed with pair potential II. The larger forces on the second
neighbours obtained with pair potential II in comparison with potential I cannot reverse this
trend. With respect to the isotope effects the difference between the two data sets is less
dramatic. In view of the ab initio forces, however, we give a clear preference to the data
obtained with pair potential II. Nevertheless, one should be aware of the fact that the too
small P indicates that the deformation energy associated with states localized at an O
site might be underestimated in the calculations performed with pair potential II. Whether
this remaining uncertainty influences AE/™ and AE™® depends on whether the origin of
the discrepancy in trP of the O as calculated from the ab initio forces or from the volume
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expansion (ab initio or measured) is mainly due to a longer range of the forces or mainly
caused by remaining uncertainties in the short-range forces. Only in the latter case is a
significant modification of AE™® or AEM® expected.

Table 3. Ground-state vibrational energy Ep in the self-trapped state at an O site in Pd, change
of the vibrational energy AE(‘,'“’ and change of the energy of the bottom of the potential well
relative to the rigid lattice AEJ™®, deformation energy ES, total energy gain AEY due to
self-trapping, relative lattice displacements of the nearest- and next-nearest-neighbour Pd atoms,
and trace of the double-force tensor for the various hydrogen isotopes (mesh width 0.0647 A).
The Pd atoms are displaced radially outwards from the O site. The calculations have been
performed with pair potentials I and II. Results obtained with pair potential | are given in round

brackets. )
Eqg AES® AET™ EF AEP (Al (Al/amae Tr(P)
{meV) (meV}) (meV) (meV) (%) (%) V)
u¥ 400 —59 -7 62 — 68 0.97 0.34 8.82
(G90)y (=74 (-229)  (142) (—162) (15D {0.09) (10.55)
x¥ 348 —50 — 68 57 —62 0.92 0.35 8.55
(331}  (—63) (-224) (135 (=153  (1.50) 0.09) (10.29)
p 112 -17 -55 35 —37 0.68 0.37 7.25
109  (—22) (-199)  (105) (—115) (13D (0.09) 9.14)
d 74 -11 -53 31 —33 0.63 0.38 6.96
fy)) (=15) (-194) (100 (—109)  (1.29) 0.09) 8.92)
t 58 -9 -51 29 —31 0.61 0.38 6.83
5%) —12) -192)  (98) (—106)  (1.27) 0.09) (8.32)

5.1. Excited states in the potential of the ground-state configuration

The vibrational energies of excited states which ate calculated in the potential corresponding
to the lattice configuration of the self-trapped ground state (STGS) are given in table 2 in the
lines marked STGS. For comparison we give hydrogen vibrational energies in the ab initio
adiabatic potential of hydrogen in PdyH. A very close agreement between these data and
those obtained with pair potential I is found which is due to the fact that the distances of the
nearest-neighbour Pd atoms from the O site are almost identical in the relaxed ground-state
corfiguration as determined with pair potential I and in Pd4H. The changes in the vibrational
energies depend on whether pair potential I or I is used. This dependence is less pronounced
for the excitation energies E; — Ep in the fixed ground-state configuration due to a partial
cancellation of relaxation effects. The differences between the excitation energies obtained
with the two pair potentials are 10% or less. These excitation energies are frequently used
in interpretations of inelastic neutron scattering spectra (see, e.g., Christodoulos and Gillan
1991). Ttis argued that the excitation process is so fast that the lattice does not have the time
to respond to the new particle state. However, quantum mechanical calculations show that
this picture is only applicable in the case of a strong particle-lattice conpling whereas in the
case of weak coupling the zero-phonon line dominates, which corresponds to the difference
between the total energy of the excited state in the lattice configuration calcuiated according
to the force expectation value in this state and the ground-state energy (see Klamt 1986,
Stoneham 1975 and references therein). -~

In section 5.2 it will be shown that in the hydrogen—palladium system the weak coupling
situation is realized and that therefore the peak positions in the inelastic nentron scattering
spectra are not directly given by the excitation energies calculated from the entries in table 2.
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The data of table 2 are nevertheless very important in that the differences between the total
energies of the excited states in the ground-state configuration and the total energies obtained
in calculations in which the lattice relaxation is calculated individually for each excited
state determines whether the weak or strong particle-lattice coupling situation applies.
Furthermore, we want to know how important these effects actuaily are.

5.2, Excited states in the self-consistently determined particle potential

The ground state couples only to lattice modes which preserve the full cubic symmetry. The
same is true for non-degenerate excited states (exceptions occur in case of near degeneracy,
see below). These symmetry preserving deformations, however, may be different depending
on whether the light particle is in its ground state or in an excited state. In other words, the
total energy of the system, with the constraint that the particle occupies a certain excited
state, can be lowered compared with the value corresponding to the lattice configuration of
the self-trapped ground state (see section 5.1} if the lattice undergoes a symmetry-preserving
extra deformation. In the case of a degenerate excited state some symmetry-preserving
extra deformation may also be present. In addition, however, coupling to Jahn-Teller
active modes (see, e.g., Bersuker 1984) will lead to a further shift of the equilibrium lattice
configuration of a self~trapped excited state towards configurations of lower symmetry and
lower total energy. As a consequence of these effects the self-comsistently determined
vibrational energies E; (i = 1,2...) will be different from the E; values given in table 2
(lines marked by STGS) and AEP®, E (lowering of the potential minimum due to self-
trapping, deformation energy) will not be the same as the comresponding values calculated
for the ground-state configuration.

The first excited state (state 1), which has symmetry 77, and which is three-fold
degenerate, may linearly couple to lattice modes transforming according to the one-
dimensional representation A, (these modes possess the full cubic symmetry) as well as
to Jahn-Teller active modes which transform according to two-dimensional (Ey) or three-
dimensional (T3g) representations of the cubic group (see Klamt 1987, Bersuker 1984), A
typical case of E-mode coupling which leads to a tetragonal distortion of the octahedron is
shown in figure 5.

In order to determine whether the first excited state couples predominantly to E or
T modes, two calculations for each hydrogen isotope have been performed in which the
wavefunction and the Jattice distortion have been determined self-consistently. In the first
series of calculations tetragonal symmetry of the wavefunction is required. This symmetry
condition leads automatically to a tetragonal lattice distortion which is built up by lattice
modes possessing the full cubic symmetry (A;;) and by modes with E; symmetry. The
solution obtained by this procedure corresponds to one of the three equivalent minima (in
case of dominant E-mode coupling)} or saddle points (dominant T-mode coupling) of the
adiabatic energy surface of the (linear) T-{(¢ + £} Jahn—Teller effect (see e.g., Bersuker
1984). In the following this kind of calculation is given the Iabel coupling to E modes. In
the second series of calculations the iteration has been started with one of the four linear
combinations of the three eigenfunctions of the 73, state (as obtained in the ground-state
lattice configuration) which inevitably leads to a trigonal lattice distortion (see, e.g., Bersuker
1984). In this case no symmetry restrictions have been imposed on the wavefunctions.

After a few iteration steps first a self-consistent hydrogen state associated with trigonal
lattice distortions is obtained. This state will be given the label T-mode coupling in
the following. However, it turns out to be unstable against small symmetry-breaking
perturbations, e.g., small numerical ‘noise’. After many iteration steps cne eventually
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obtains a state with tetragonal symmetry which is identical to what is obtained in the first
series of calculations (E-mode coupling).

This shows that the trigonal points of the adiabatic potentials for the lattice motion,
as studied in the second series of calculations, are saddle points whereas E-mode coupling
gives the stable points. Table 4 gives a comparison of the various energies which are
obtained for the following situations:

(a) if the first excited state is calculated in the ground-state configuration,
(b) for coupling to E modes,
(¢) for coupling to T modes.

It is seen that, in agreement with the above-mentioned stability analysis, E-mode
coupling gives for all hydrogen isotopes the largest energy gain due to self-trapping.

A comparison of the total energies for situations (a) and (b) gives us the sum of the
coupling energy to pure E modes and of the extra coupling to the symmetric (A1} modes
{the difference to the coupling in the ground state). The same comparison for situations
(a) and (c) gives the coupling energy to pure T modes plus the energy gain due to the
extra coupling to Ay; modes. The extra coupling energies to Az modes are identical for
situations (b) and (c) (at least for linear coupling). The two series of calculations (b) and (c)
therefore give two eguations for the three unknown coupling energies. On the other hand
table 4 shows that in many instances coupling fo T modes (plus Ay, modes) leads to an
energy gain which is very small in comparison with the one obtained for E-mode coupling.
In such cases a comparison of the total energies as obtained for situation (2} and (b) gives
directly the energy gain due to pure E-mode coupling. In other cases the energy gain due to
T (+A1;) mode coupling is non-vanishing. For example, for the lighter particles (ut, #%)
the energy gain caused by E-mode coupling is guite large, of the order of 20 meV, and
even T-mode coupling leads to an energy reduction by a few meV. We argue that the latter
is mainly due to coupling to the symmetric mode and that the true coupling energy to E
modes is thus given by the difference of the self-trapping energies for case (b) and (¢) in
table 4.

This conjecture can be made plausible if we look at the displacements of the nearest-
neighbour atoms of the particle. Table 5 gives the displacements for E-mode coupling
together with the trace of the double-force tensor, determined from the calculated AV and
equation (12). Table 6 shows the absolute values of the displacements for T-mode coupling
together with an average displacement characterizing the symmetric part of the displacement
field. Obviously, both are almost identical. This supports our view that the displacements
obtained in the calculations (c} being essentially of A1, symmetry are equal to the symmetric
part of the displacements which are obtained for E-mode coupling. The third line in table 6
shows the displacements in the ground-state configuration for comparison. The energy gain
due to E-mode coupling is for the proton only 4 meV (2 meV) if pair potential IE (I) is used.
This means that the weak coupling case (see section 5.1) is realized. If the characteristic E
mode is assumed to have a frequency wg =~ 0.5wp(fiwg ~ 14meV in Pd) we find a coupling
constant A = AE /hwg =~ 0.28(0.14).

The self-consistent calculation of the second and third excited state (table 7) has been
performed without symmetry restrictions imposed on the lattice distortions and without
chosing special start wavefunctions in the iteration. In both cases we end up with a tetragonal
distortion (E-mode coupling). In the case of the second excited state with T3, symmetry the
interpretation, as for the first excited state, is a Jahn—Teller effect with predominant E-mode
coupling. The third excited state (A1g) is, however, non-degenerate and the explanation for
the appearance of B-mode coupling must be a pseudo Jahn-Teller effect due to coupling to
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Teble 4. Vibrational energy EY"® and change of the vibrational energy AE{® of the first excited
state. Change of the energy of the bottom of the potential well AE i“i“, deformation energy Ef‘f,
and the total energy gain AE{"‘ due to self-trapping. (a) calculations performed in the ground-
state lattice configuration (for £]™ see also table 2; for AEP = AEDD, EIf = EIF ges also
table 3); (b) and (c) self-consistent lattice relaxation according to the proper wavefunction—(b)
coupling to E modes (c) coupling to T modes. Mesh width 0.0647A. The values in round
brackets are calculated using pair potential I, the others with pair potential II.

E® AEY® AE}® Eg AEP
(meV) (meV) (meV) (meV) (meV}

(a) 722(686) —93(—131) -—71(-229% 62(142) -102(-218)
ut () 663(642) —151(-176) —82(—251) 106(188) —127(~239)
(€} 696 (670) —119 (—148) —85(-257) 96(182) 108 (-223)

() 617(582) —T9(—~107) —68(=224) 57(i35) —91(-196)
at () 568(547) —~I12B(—142) —79(-244) 94 (174) —112 (-214)
(€) 596(569) ~100(—120) —81(—249) 86 (170)  —96 (—199)

(@ 200090 -27(-37) =55(-199) 35(105) —47(-131)
P (® 189 (183) —~39(—-44) —61(-208) 47(119) —52(-133)
{© 196(188) -31(-3%) —62(-209) 45(118) -—48(-131)

(@ 132(127y -18(-25) —-53(—194) 31 (100) —40 (—119)
d M) 125(123) =25(=29 =57(=201)  39(109) —43 (—121)
{(© 130(126) —21(-26) 57 (—201) 38 (108) —40 (—-119)

@ 103701 -=15(-200 —51(=152) 29 (98) —36 (—114)
t ® 99 (98) —=19(-23) -55(-197) 36(105) —38 (-115)
© 102(100) -—16(-21) 55(-198) 35(104) —37(-114)

Table 5. Displacement of nearest-neighbour Pd atoms (relative to their rigid-lattice positions)
for coupling of the first excited state to E modes in percent of the lattice constant (z = 3.88 A).
A disptacements for atoms on the tetragonal axis, A/l displacements for atoms on a plane
perpendicular to the tefragonal axis (see figure I), trace of the double-force tensor. Values in
brackets calculated with pair potential I, the others with pair potential I1.

Allfaf%] AR fa(%)  ThP (V)

gt 054(113) 246(285) 9.99 (11.70)
ot 053 (L14) 229 (2.68) 963 (11.33)
P 049 (L16) 138(L86 7.81 (9.60)
d 04917 1.16(1.68) 739 (9.25)
t 049 (117 106(1.60) 7.9 (9.09)

nearly degenerate states.

To summarize this section, we have found that for the description of inelastic neutron
scattering (INS} spectra of p, d and t in Pd the weak coupling picture has to be applied
(see Klamt 1986, Stoneham 1975). This means that the excitation energies in the potential
well of the fixed ground-state lattice configuration (Franck—Condon energies) do not give
the correct peak positions in the neutron scattering spectra. On the other hand we find
that the excitation energies 1o the fully relaxed excited states (position of the zero-phonon
line) are very close to the Franck—-Condon energies so that in practice this difference is
absolutely irrelevant with regard to the peak positions. The next question is whether the
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Table 6. (Al/a)y: Absolute values of displacements of nearest-neighbour Pd atoms (relative
to their rigid lattice position) for coupling of the first excited state to T modes. (Alfa)y =
% (al'fa) + § (Al%/a) (AL, AP from table 5), i.e. average displacement for E-mode coupking.
(&l/a),: displacements in the ground-state configuration. Values in brackets correspond to pair

potential 1.
ut xt P ’ d t
(Alfa)r (%) 1.24 (1.76) 1.16 (1.69) 0.80 (1.40) 0.72 (1.34) 0.68 (1.32)
(Alja); (%) 1.18 (1.70) 112(1.65) 079 (139) 0.71 (1.34) 0.68 (1.31)
(Al/a), (%) 0.97 (1.54) 0.92 (1.50) 0.68 (1.32) 0.63 (1.29) 0.61 (1.27)

Table 7. Characteristic energies (see table 4) for the second and third excited state (E; and
Ex respectively) (2) ground-state lattice configuration (b} coupling to E modes, In brackets the
values obtained in pair potential I are given.

EP B AR B B AR
(meV) (meV} {meV}) (meV) (meV) (meV)

p (@ 280(263) 35(105) —57(~145 301 (281) 35(105) —56 (—145)
() 262(254) 57(130) —64(—148) 288 (267) 60 (I137) =59 (—147)
d (@ 185(177) 31(100) —47(-129) 198 (187) 31(l100) —46 (=129
) 175(172) 46(117) —S1(=131) 191(179) 48(122) —47(—130)
t (a) 145(140) 29 (98) -—42(-122) IS5(147) 290 (98) —d41 (—122)
(M) 138137 41111} —45(—123) 150(142) 43 (115) —42(—123)

quite asymmetric shape of the first INS peak in Pd (Rush et al 1984) may be attributed to the
Jahn-Teller effect of the first excited state. In a paper by Xlamt (1987) the line shape of this
INS peak could be very well described assuming a Jahn—Teller effect with dominant T-mode
coupling (T—t Jahn~Teller effect} and a coupling constant of about 0.26, Our calculations,
however, give dominant E-mode coupling. This means that we do not have the complicated
vibronic spectra of the T—t Jahn—Teller system but simply shifted potential surfaces. The
coupling constant on the other hand is of the right order of magnitude 0.28 (0.14). An
explanation of the asymmetric line shape in terms of a Jahn—Teller effect is, nevertheless,
doubtful in cur opinion.

Finally, in table 8 we compare the calculated excitation energies with the measured
peak positions (information on line intensities requires the calculation of matrix elements,
see Christodoulus and Gillan 1991). The experimental data are obtained for PdHy g4 and
PdDg 014 (Rush er al 1984).

In former papers (Elsisser et @ 1991b, 1992) the ab initic data for the hydrogen
vibrations in the g-phase PdH were compared with the data obtained on PdHy g4 (Rush
et al 1984). A good agreement could be achieved by ascribing a small structure in the
INS spectra at 115 &= 5 meV to an eﬁ% excitation. As shown in table 8, our present data
as well as the ab initio data for Pd4F agree better with the INS spectra if we reffain from
attributing an excitation to this small structure but consider it as statistical noise, in line
with the interpretation of Rush et al 1984 (however, not with their attribution of perturbed
oscillator states without proper splitting of degeneracies due to cubic symmetry, see Elsésser
et al 1992).
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Table 8. Excitation energics to the first, second and third excited state. FC (Franck-Condon):
excitation energy in the lattice configuration of the ground state, zp (zero-phonon peak): energy
difference between the excited state in the new equilibrium lattice configuration and the ground
state, Exp: experimentally determined peak positions in the inelastic neutron scattering spectra,
The ab initio tesults for undistorted PdsH at the equilibrium lattice constant (¢ = 3.94 A
(Elsiisser et al 1991b) are marked Pd H. Values in brackets obtained with pair potential I, the
other with pair potential I

1 peak 2 peak . 3 peak
FC zP Exp FC P Exp FC Fid Exp
p 88§ 83 69.0£ 05 168 160 1372 189 186 156 +£3
(81) (78) (155) {150) (172) (169)
83 (Pd:H) 158 (Pd4H) 179 (PdsH)
d 58 55 4654+ 05 111 107 - 124 123 -
(54) (52) (104) (101) (113) (112)
54 (PdsH) 104 (Pd.HD) 118 (Pd4H)
t 45 43 - 87 84 - 97 96 -
(42) 1) 82) (30 , (8%) (88)
43 (PdsH) 82 (Pd:H) 93 (PdsH)

6. Particle states localized at tetrahedral sites

Calculations in the periodic particle potential of the rigid Pd lattice (¢ = 3.88 A), performed
imposing periodic boundary conditions on the particle wavefunctions, show that for all
hydrogen isctopes including the light ones (pF, x*) excited states exist in which the particle
is mainly localized in the vicinity of the tetrahedral site. The Jowest energies of such states
as calculated using pair potential I for 7™, p, d, t are shown in figure 6 together with
the corresponding potential energy profile along the {111) directior, which is the directicn
joining the O and T site via the lowest saddle point S;;;. For p, d, t the occupation
probability at the T site is more than 99% (defined as the occupation probability within a
sphere with a radius corresponding to the distance between the T site and 8);;). For =+
and ¥ the occupation probability at the T site is still larger than 95% although the energy
levels are far above the saddle point Sy1;. This is a consequence of the fact that the passage
through the saddle point is very narrow and the potential rises very steeply along other
directions. The narrow passage in turn leads to high costs of transverse kinetic energy in
the narrow passage due to the uncertainty relation.

It is now self-suggesting to investigate self-localized T states. As wswal, this is done
requiring that the particle wavefunction vanishes at the surface of a sphere of sufficiently
large radius around the T site. It turns out that the light particles {(u¥, #¥) do not localize
completely at a T site; there is always some energy gained as the radius of the sphere
is increased further and further in the calculations. Nevertheless, it can be expected that
excited states of u* and 7+ also exist and are localized mainly at the T site and which,
furthermore, produce lattice distortions that are quite different from the ground-state lattice
configuration. The energies of such states have not been determined for p* and =¥,
however. From table 9, which gives the corresponding energies for the heavier isotopes,
it is clear that they must lie above the ground state by considerably more than 200 meV.
The energies characterizing the tetrahedral state of p, d, and t in (a) the rigid lattice and
(b) after self-localization are given in table 9. The energy difference between self-localized
T and O states ranges from 303 (203) meV for the proton and 255 (164) meV for the
triton. The values computed with pair potential I are given in brackets. We think that the
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Figure 6. The lowest energies of states for ¥, p, d, t for which the particle wavefonctions in
the rigid Pd lattice are mainly localized in the vicinity of the tetrahedral site, represented in the
energy versus displacement curve for Pd along (111} (calculated with pair potential I).

calculations with pair potential II (the other values) can describe these energy differences
reasonably well since this potential gives a good description of the shape of the hydrogen
potential at the O site as well as at the T site in particular at the lattice constant of PdH. A
good description of the potential shape at T for that lattice parameter is important because
then the distance to the nearest neighbours of the T site is approximately equal to the one
obtained after self-localization of hydrogen at the T site (see below). Furthermore, pair
potential II reproduces the ab initio energy differences between the minimum of the two
wells at T and O as obtained for PdH, Pd;H (see figures 2 and 3) and at the Pd lattice
constant (the ab initio value is approximately 320 meV (Elsésser et af 1992) pair potential
Il gives 312 meV). An uncertainty comes in through the forces on the nearest-neighbour
atoms since pair potential I has a sharp bend just above the corresponding distance (see
figure 4). Therefore uncertainties in the interpolation of the force obtained at distances
/373a (@ = 3.88 A) and 0.5 (nearest-neighbour distances at T and O in the unrelaxed Pd
lattice) result in uncertainties in the forces at the relaxed positions and in the calculation
of lattice relaxations. On the other hand the fact that the energy curves along {111} are
well reproduced by V(r) for different lattice parameters indicates that these uncettainties
should not be serious. The nearest-neighbour atoms of p, d or t self-trapped at a T site
are displaced by 1.86% (2.41%), 1.78% (2.34%) or 1.75% (2.31 %) of the lattice constant
(a =3.88 A).

The energy differences between self-trapped T and O ground states are certainly too
high to lead, at moderate temperatures, to a sizable equilibrivm occupation of T sites by
the hydrogen isotopes. However, these energies may have some relevance as they might
be used to get a very crude idea about the activation energies of particle hopping via an
intermediate T site.

Finally we want to discuss how significant the effects are which are introduced by the
wavefunction dependence of the lattice relaxation. For this purpose calculations bave been
performed in which the extension of the particle wavefunction has been neglected in the
determination of the lattice relaxation, i.e. in computing the forces via (6¢) or (8) hydrogen
is treated as a classical particle located at the T site. If pair potential I is used in these
calculations one obtains E% = 111meV and AE™® = —277 meV and for the vibrational
energies in the particle potential corresponding to the relaxed configuration created by the
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Table 9. (a) Vibrational energy in the rigid Pd lattice of the lowest excited state centred at a T
site (£*% measured from the minfmurt of the potential well at the O site, £8° measured from the
potential minimum at the T site, total energy difference Eq — Eg between the lowest tetrahedral
state and the ground state (Iocalized at the O site) as caleulated in the rigid Pd lattice. )
Vibtational energy E-‘l'-‘h {measured from the T-site minimum), change AEY® of the vibrational
energy compared with the rigid-lattice value, energy shift A E™I0 of the potential minimum at the
T site, deformation energy E9°f and total self-trapping energy AE™ for that lowest-lying state
which is self-trapped at the T site. Values in brackets correspond to pair potential 1, the others to
pair potential II, Mesh width used in calculating the patticle wavefunction: 0.0647 A, Ab initic
results for the corrasponding states in PAH at the equilibrium lattice constant (z = 4.07 A)
(Elsisser et al 1991b) are marked by (PdH).

Evib E%ib AEYD AEmin Edef AFEMwt Er—Eg
(meV) {meV) @eV) (meV) (meV) (meV) (meV)
(a) 606.5 294 477
(541.2) (277) (410
p 213 (Pd4H)
(b} 244 -30 =308 147 =212 303
(207) (=70} (—479) (228) (=322) (203}
(a) 5222 210 437
(459.5) {195) (371)
d 150 (Pd;H)
) 175 =35 —300 136 —199 271
(146) (—49) (—467) (214) (—303) (177
(a) 483.5 171 416
(423.1) (159) (352)
t 123 (Pd;H)
{b) 143 —28 —296 132 —-192 255
(119) (—40) (—462) (208) (—294) (164)

point-like particle E{® = 252 meV (p), E¥X® = 179 meV (d), and E}® = 146 meV (t) is
found. A comparison with the corresponding entries in table 9 shows that the modifications
in the vibrational energies due to the inclusion of wavefunction-dependent lattice relaxation
in the calculation is only a few per cent. The effect on E%f or AE™® is larger but in the
sum AE™0 4 E4f which enters into the energy balance, the effect is again only of this
order of magnitude. The same holds for AE™ (if calculated from the data given above
one obtains —208 meV (p), —197 meV (d) and —191 meV (t} as well as for the energy
difference Etr — Eg between the ‘ground states’ at the T and O site.

7. Diifusion

A careful treatment of quantem diffusion of hydrogen isotopes within the framework of
Holstein’s occurrence probability approach valid above approximately half of the Debye
temperature (see, e.g., Klamt and Teichler 1986a, 1986b, Emin et af 1979, Sugimoto and
Fukai 1980) requires the calculation of a few parameters among which the most important
ones are the activation energies, which are needed to create the lowest so-called coincidence
configurations, and the tunnelling matrix elements. It is not the aim of the present article
to perform such calculations. In particular, the computation of tunnelling matrix elements
would be rather difficult because these are quite small in FCC metals. In this paper we
only present the activation energies required in order to create ground-state—ground-state
coincidences. To obtain these quantities, we have performed a calculation imposing the
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constraint that the particle wavefunction is equally distributed among two neighbouring O
sites. The values for the different hydrogen isotopes obtained with pair potential II (T) are for
ptr 22 (66) meV, r: 20(62) meV, p: 10 (48) meV, d: 9 (46) meV and t: 8 (44) meV, The
values derived with pair potential IT are probably somewhat too small because, as already
mentioned, it gives a too small value of trP. In both cases the activation energies are much
smaller than the ones determined from measurements (data are available for temperatures
above 130 K, for a collection of data see Fukai and Sugimoto 1985). This observation is
not surprising bécause the tunnelling matrix elements for the ground-state coincidences and
for the heavier hydrogen isotopes (p, d, t} are expected to be very smali. On the other hand,
such coincidences could be relevant for 4+ and =,

Very crude estimates for the activation energies required to generate higher coincidences
may be cbtained from the excitation energies to excited states plus roughly half of the total
self-trapping energies of the state considered. Clearly a more adequate treatment is reguired
for a thorough discussion of the temperature dependence and the anomalous isotope effect
found in the diffusivity of hydrogen isotopes in Pd (for a review, see Fukai and Sugimoto
1085 and 1992). ‘

8. Conclusions

Because of the development of better computers and more efficient computer algorithms it
has become possible in the past few years to calculate ab initio the vibrational properties of
hydrogen isotopes in metals. In spite of this great step, there are two shortcomings of the
available ab initio methods.

(i) The calculations, which are mostly based on the supercell method, are very time-
consuming. As a result, only quite small supercells according to concentrated metal—
hydrogen systems can be considered, whereas for many real materials, for instance Fe,
the hydrogen solubility is low. Furthermore, the local structural distortion of the host lattice
in the surroundings of H is mostly restricted by symmetry for small supercells, so that only
the homogeneous volume relaxation due to hydrogen loading is taken into account.

(ii) The wavefunction of the hydrogen isotope is considered as point-like. In reality,
however, it is extended and depends both on the isotope mass and on the particle state,
which has an influerce on the forces on the host atoms and on the host-atom configuration
and hence in turn on the potential surface of the particles.

To cure these deficiencies, we step back from a pure ab initio calculation and represent
the hydrogen—metal intexaction by an effective pair potential which incorporates as much
as possible the electronic degrees of freedom. In contrast to former work of other authors
(see introduction), we thereby do not make use of experimental data (which anyway, are
not available for many metals) but use almost exclusively ab initio data, namely the energy
versus displacement curves and the forces exerted by the classical particles on the host atoms,
which are calculated either directly or from the (ab initio determined) volume expansion
upon loading of the host with hydrogen.

As an application of the theory the properties of isolated hydrogen isotopes in Pd and
Fe (see part IT) are calculated with special emphasis or the influence of the local lattice
distortions. In summarizing the main results obtained for Pd we divide the procedure
of calculating the properties of self-trapped states into two steps which could have been
performed one after the other, The two steps represent different degrees of complexity.

In the first step we neglect the more delicate quantum aspects addressed in (if) which
are related to the wavefunction-dependent lattice relaxation. If this is done the first task is
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to determine the displacements of the host atoms if a “‘point-like’ hydrogen atom is placed
at a few selected interstitial sites at which the formation of self-localized particle states is
likely. In Pd these are the octahedral (OQ) and tetrahedral (T} sites. This is within the Tange
of ab initio calculations although it requires sufficientfy large supercells and consequently
a considerable amount of computer time. Given this fixed host laftice configuration, the
potential surface for the hydrogen motion has to be determined. This is a much more
demanding task which would require 2 large number of calculations for large supercells and
to proceed in this way does not seem possible in the near future, In the present calculations
the particle potential surface as well as the lattice relaxation have been determined with the
help of our pair potential description of the particle-host interaction. It has been shown that
in particular our pair potential I gives a very reliable description of the potential surfaces
in a rigid Pd lattice and at several lattice constants for all energies which are relevant
to the calculation of equilibrium properties. The advantage of pair potential I lies in the
better description of the particle potential at higher energies which might become relevant
in molecular-dynamics simulations.

In the calculation of lattice relaxation it is essential that the pair potential gives reliable
values for the forces exerted on neighbouring host atoms at the distances which become
relevant at the relaxed configuration. As shown in the text, pair potential II seems to
comply with these requirements very well. In the particle potential which is constructed
as discussed above and which is held fixed independent of the mass of the hydrogen
isotope or of the excitation state, the vibrational states of the various hydrogen isotopes
are then to be determined. As discussed below, some of the quantities of interest are
already very well reproduced in Pd by a calculation of this type. We therefore suggest
an even more simplified version leading to essentially identical results, which might be
carried out completely ab initio. In this simplified version the relaxed lattice configuration
if hydrogen is placed at one of the selected sites has to be determined, whether ab initio
or using a hydrogen—host pair potential, but instead of determining the hydrogen potential
surface at this locally relaxed configuration the potential surface may be constructed for
a homogenecusly deformed host lattice which is chosen in such a way that the distances
to the oearest-neighbour host atoms agree with the ones obtained in the locally relaxed
configuration. In some cases the next-nearest-neighbour distances have to be adjusted as
well which might require a reduction of the symmetry of the host lattice. We come to this
point in part I of the paper (Krimmel et af 1994). Since it is absolutely essential to take
into account the lattice relaxation properly this is the minimum effort which is to be made in
order to get meaningful results. The argument in favour of the simplified procedure comes
from a comparison of the hydrogen vibrational energies in Pd as determined by the present
calculation for the locally relaxed configuration with the results obtained from ab initio
calculations on small supercells and at lattice parameters fulfilling the above mentioned
requirements (Elsisser et al 1991a, 1991b).

The next step in the calculation has to include the dependence of the lattice relaxation on
the particle wavefunction which in turn depends on the isotopic mass and on the vibrational
state. This step is clearly out of the range of ab initio calculations. It turns out that if full
account of the finite extension of the wavefunction is made, the vibrational energies of p, d,
t change only slightly from the values which are calculated if the particle potential is held
fixed and is taken as that obtained for a self-trapped ‘point-like’ particle. For p, d, t the
changes are typically of the order of several meV or several % with a tendency to increase as
one goes to higher excited states. They become also larger for the light isotopes 7+, ut. An
explicit comparison along these lines has been given in section 6 for the lowest vibrational
state localized at a T site, implicit information in this respect on the states localized at O sites
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is contained, for example, in the tables comparing E-mode with T-mode coupling and with
energy levels determined in the ground-state configuration. Similarly the energy differences
between the ‘ground states’ of the various hydrogen isotopes once self-trapped at T and once
at O sites are very well recovered if the wavefunction dependence of lattice relaxation is
entirely neglected. The influence of the wavefunction in this case is indeed particularly small
due to a partial cancellation of effects. For instance, the sum of deformation energy and of
the reduction in potential energy (lowering of the potential minima at T and O) associated
with self-trapping are nearly independent of the particle mass, whereas the dependence of
the individual terms is significant.

On the other hand quantities like the displacements of nearest-neighbour atoms or the
double-force tensor P are strongly influenced by the extension of the particle wavefunction,
in particular if the light isotopes w™, u are included in the consideration. The isotope
effect in these quantities is entirely due to the extension of the particle wavefunction. The
same is true for the Jahn—Teller coupling energies of excited states as well as for the
resulting anisotropy of the lattice displacements and of the double-force tensor in the static
Jabn—Teller distorted configurations. The Jahn-Teller coupling has been determined to be
dominant in lattice modes with E-symmetry with a coupling energy of a few meV (for p, d,
t). The Jahn-Teller effect might be relevant to the interpretation of line shapes of inelastic
neutron scattering spectra and might also become visible at elevated temperatures and in
anisotropically strained samples.

Pair potentials describing the hydrogen—metal interaction which are constructed along
the lines given in the present paper not only prove useful in the calculation of equilibrium
properties of dilueted metal-hydrogen systems but also provide a solid basis for the
caleulation of transport properties. In this respect they can be used either in order to
calculate some basic quantities which enter into current theories of quantum diffusion (see
section 7) or in quantum or classical molecular dynamic simulations. In both cases a large
number of configurations has to be explored and ab initic methods can so far be employed
only for refinements at a few particular configurations.
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