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We present a potential-energy function for H interacting with bulk metallic Ni. The potential is parametrized
to be accurate both for H adsorbed on Ni surfaces and for H absorbed at interior sites. The function introduces
a nonlocal density dependence into the embedded-atom method formalism. We show that the function provides
dramatic improvement over the best previous embedded-atom potential function for this system, and that it
gives good agreement with all available structural and energetic data characterizing stationary points on the
low-index surface planes@~100!, ~111!, and ~110!# and in the interior. It also yields good agreement with
experiment for most diffusion coefficients and activation energies for surface and interior diffusion. We
examine the dynamics of three diffusion processes: H diffusing on the~100! and ~111! crystal faces, and H
migrating in the interior, for the latter of which we analyze the reaction path and predict coefficients for H
diffusion between adjacent interior octahedral vacancies. We also examine two other processes: H hopping
from the threefold~111! surface binding site to an octahedral vacancy immediately beneath the~111! surface
plane to ~absorption!, and the reverse process~deabsorption!. We also calculate the binding energy and
frequencies for H adsorbed on the pseudothreefold site of the Ni~110! surface, and we find them to be in good
agreement with experiment and a considerable improvement over previous versions of the potential function.
Our potential-energy function should be useful for simulations of a variety of processes that are difficult to
study experimentally, such as surface diffusion in the presence of steps and kinks, site-to-site movement of H
immediately beneath a surface plane of Ni, or bulk transport across a grain boundary.

I. INTRODUCTION

The development of useful potential-energy functions
~PEF’s! for atomic and molecular phenomena associated
with interfaces and for atomic processes in the interior of
catalytic and energy storing materials is of great current in-
terest. Gas-metal interfaces provide strong challenges to
theory in this regard, because the properties of a metal can-
not adequately be reproduced by the popular models of pair-
wise forces and clusters.1 However, the embedded-atom
method ~EAM! ~Refs. 2–6! has had considerable success
with modeling the interaction of an atom with a bulk metal.
It has been less widely used for interfacial problems, but for
H/Ni systems it has been used to model both surface and
interior processes.2,3,7–10 In recent work,10 we presented an
EAM-based PEF for H atoms interacting with the~100! crys-
tal face of Ni that accurately reproduces experimental bind-
ing energies, hydrogenic vibrational frequencies, and equi-
librium interatomic distances for H adsorbed at a fourfold
equilibrium site, as well as activation energies and surface
diffusion coefficients. We noted that although that PEF,
called EAM5 because it is the fifth H/Ni EAM parameter set
known to us, is very accurate for the~100! face of Ni, it is
not particularly well suited for studying H diffusion on
Ni~111! or for H diffusion in interior Ni. The goal of the
work presented here is to create a general PEF for the H/Ni
system that reproduces a wider range of the experimentally
available system attributes, including both surface and inte-
rior interaction energies. The resulting parameter set will be
called EAM6.

It is desirable to have such a more general H/Ni PEF for

two reasons. In the first place, we are likely to have more
faith in a semiempirical PEF that is based on an extensive
and varied set of experimental data. Second, a general PEF
will allow one to make calculations for conditions that are
difficult to study in isolation by experimental techniques,
e.g., surface diffusion at defects, steps, or kinks, subsurface
H diffusion immediately below the Ni surface plane, or in-
terior diffusion near defects or grain boundaries. Such situa-
tions cannot be treated with a PEF whose parameters are
appropriate only for a specific crystal face. A PEF that accu-
rately models the energetics for an H atom in several distinct
environments on and in Ni is more likely to be reliable for
calculations in which the H atom is in irregular surroundings
that are different from those for which calibration data are
available. If our PEF is accurate for surface processes on
more than one face, in which the H atom is in a variety of
low-electron-density environments, and for interior pro-
cesses, in which the H atom is in various high-electron-
density environments, then we are more likely to have faith
in the results that it predicts for processes occurring in less
well-characterized environments, such as subsurface pro-
cesses, for which the H atom is in a moderate-to-high-
electron-density environment. The potential catalytic activity
of Ni makes the analysis of subsurface processes especially
important for this system. It has been proposed by Maynard
et al.11 that the Ni surface catalyzed reaction of methyl radi-
cal with H to form CH4 likely proceeds via a mechanism in
which the CH3 radical rests in a threefold minimum energy
site on the Ni~111! surface, and the H atom attacks the radi-
cal from below the surface. This mechanism is suggested
because CH4 is not formed when CH3 and H atoms are both
adsorbed on the Ni surface, but it is formed when H is
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present in the interior. The ability to model the energetics of
subsurface H in Ni will provide more insight into this proto-
type catalytic process.

In this paper, Sec. II presents the methods used for dy-
namics and energetics calculations, describes the motivation
for the fitting process, and presents our PEF. Section III pre-
sents calculations and results, Sec. IV analyzes and discusses
the results, and Sec. V summarizes the conclusions.

II. THEORY

A. Sites

In this paper, we will examine the energetics and dynam-
ics of hydrogen adsorption and diffusion on both the Ni~100!
and Ni~111! crystal faces, hydrogen adsorption on Ni~110!,
hydrogen absorption and diffusion far beneath the surface in
bulk Ni, and hydrogen absorption into the Ni~111! surface
and the reverse process. In discussing the various stationary
points ~equilibrium binding sites and transition-state saddle
points! for each case, we will make use of the following
nomenclature. A minimum-energy site of adsorption is la-
beledA, followed by a subscript indicating the particular
crystal face~100, 111, or 110!. Minimum-energy interstitial
absorption sites are labeledOI for an octahedral interstitial
vacancy or TeI for a tetrahedral interstitial vacancy.
Minimum-energy sites immediately beneath the Ni~111! sur-
face are labeledOS,111 for an octahedral subsurface intersti-
tial vacancy andTeS,111 for a tetrahedral subsurface intersti-
tial vacancy. Saddle points are labeled ‡ followed by a
subscript 100, 111,I , or S, the latter two indicating an inte-
rior site and a subsurface site, respectively.

For each of the surfaces, there are as many as three inter-
esting stationary points. These sites are shown in Figs. 1–3.
On the~100! crystal face,A100 is a surface cavity adsorption
site formed by four adjacent~100! surface atoms, and ‡100 is
a bridging adsorption site between twoA100 sites. The diffu-
sion process consists of a particle moving from a fourfold
A100 site through a twofold ‡100 site to an adjacentA100 site.
On the~111! surface, there are two distinctA111 sites. Both
are in surface cavities formed by three adjacent~111! surface
atoms, but one site is immediately above an atom in the

second layer, and the other is immediately above a vacancy
in the second layer. The diffusion process consists of a par-
ticle moving between these two distinct sites through a ‡111
saddle point. Calculations with previous PEF’s~Refs. 7, 8,
and 10!, as well as with the PEF presented in this paper,
indicate that the binding energies@with respect to the energy
of a H atom infinitely far from a Ni lattice with a clean
exposed~111! surface# of the two distinct sites are within
0.01 kcal/mol of one another. Both the H-Ni nearest-
neighbor distances and H distances above the~111! surface
plane of the two sites are within 0.001 Å of one another. The
frequencies of the H-atom vibration perpendicular to the sur-
face plane are identical to within 1 cm21 for the two sites,
and the frequencies of the H-atom vibration parallel to the
surface plane are identical to within 5 cm21 for the two
sites. Since all these quantities are nearly identical for both
A111 sites, we do not distinguish between them. For adsorp-
tion on the ~110! face, A110 is the pseudothreefold site
formed by two surface plane Ni atoms and one second plane
Ni atom. Two identicalA110 sites are shown in Fig. 3.

FIG. 1. Diagram of the Ni~100! crystal face. TwoA100 sites are
labeledA, and one ‡100 site is labeled ‡.

FIG. 2. Diagram of the Ni~111! crystal face. TwoA111 sites are
labeledA, and one ‡111 site is labeled ‡.

FIG. 3. Diagram of the first two atomic layers of the Ni~110!
crystal face. TwoA110 sites are labeledA.
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For interior diffusion, four stationary points of interest are
shown in Fig. 4. The complete interior diffusion process con-
sists of a particle starting at an octahedral siteOI , moving
through a saddle point, ‡I , to a short-lived tetrahedral site
TeI , through another ‡I saddle point, and finally to another
OI site. This reaction path will be justified in Sec. IV. An-
other interior stationary point of interest is a second-order
saddle point~a hilltop! directly joining the two adjacentI O
sites. This site is labeledHI .

For ~111! subsurface processes, by which we mean pro-
cesses that involve sitesimmediatelybelow the Ni~111! sur-
face plane and for~111! absorption and deabsorption pro-
cesses, by which we mean passage from theA111 adsorption
site to such a subsurface site~and vice versa!, the stationary
points of interest are simply lower-symmetry versions of the
interior stationary points. Ni atoms extend beyond the poten-
tial cutoff in all directions from the interior stationary points;
however, the subsurface stationary points are not symmetric
in thez direction~i.e., the direction perpendicular to the sur-
face plane!. As a result, while theOI site has a triply degen-
erate H-atom vibration, theOS,111 site has a doubly degen-
erate vibration~the two vibrations parallel to the surface
plane! and a nondegenerate vibration~the vibration perpen-
dicular to the surface plane!. In general, the binding energy
of a H atom absorbed at a subsurface site is slightly lower
than that of an H atom absorbed at its interior analog.

There is one stationary point associated with absorption
and deabsorption that does not have a direct analog to an
interior site. Specifically, the saddle point for the surface-to-
subsurface absorption process and the subsurface-to-surface
deabsorption process has an H atom approximately coplanar
with three adjacent~111! surface atoms. The local nearest-
neighbor geometry of this saddle point is analogous to the
‡I site, but rather than bridging anOI site and aTeI site, it
bridges anA111 site with either anOS,111site or aTeS,111site.
To distinguish this important site, we label it ‡Ab,111, where
the subscript~Ab,111! indicates absorption into the lattice
from the ~111! surface. As with theA111 site, there are two
distinct ‡Ab,111sites distinguished by the presence or absence

of a Ni atom in the second atomic layer. We will show in
Sec. IV that the ‡Ab,111 site immediately above a vacancy in
the second atomic layer is of substantially more practical
importance than the one immediately above an atom in the
second atomic layer. The stationary points of interest to the
~111! subsurface processes are shown in Fig. 5. Note that if
the Ni lattice were not terminated by the~111! surface, the
OS,111 andTeS,111 sites would beOI andTeI sites, and the
‡S,111 and ‡Ab,111 sites would be ‡I sites. In addition to the
three elementary diffusion processes discussed above, we
also examine both the hydrogen absorption process from
A111 to OS,111, and the reverse of this process.

B. Dynamics

In the present paper, we approximate the site-to-site hop-
ping rate constantsk(T) of the five processes outlined above
@diffusion on~100!, diffusion on~111!, diffusion in the inte-
rior, absorption, and deabsorption# by canonical variational
transition-state theory12–17~CVT! with a small curvature tun-
neling approximation18 based on quantized reactant
states10,19 ~SCTQ!. For the three macroscopic diffusion pro-
cesses, these hopping rate constants are converted to diffu-
sion coefficients by20

D~T!5
l2

2d
k~T!, ~1!

whereT is temperature,l is the distance between reactant
and product minimum-energy sites, andd is the dimension-
ality of the process. Table I gives the values ofl andd used
for ~100! diffusion, ~111! diffusion, and interior diffusion.
The absorption process and its reverse are not diffusion pro-
cesses~because they do not correspond to mechanisms for
transport over macroscopic dimensions!, but rather are spe-
cific monatomic hops for which we only calculatek(T). We
next discuss the features of the CVT/SCTQ method, which
are important to understand the calculations ofk(T) for all
five processes.

FIG. 4. Diagram of ten interior Ni atoms. The octahedral sites
are labeledOI , the saddle points are labeled ‡I , the tetrahedral site
is labeledTeI , and the hilltop is labeledHI . The minimum-energy
reaction path is from oneOI site to the otherOI site passing
through the two ‡I sites and theTeI site.

FIG. 5. Diagram of the subsurface sites for Ni~111!. The
OS,111 andTeS,111 sites are labeledOS andTeS , the ‡S,111 site is
labeled ‡S , and the ‡Ab,111 site is labeled ‡Ab .
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All dynamics calculations~as well as characterizations of
stationary points! are carried out by the embedded-cluster
method described previously.10,17,21In this method, the metal
atoms allowed to move in each crystal lattice were chosen as
those which are within a certain distance of the important
stationary points for a diffusion process at that surface or in
the interior of the crystal. This region of moving atoms is
called the primary zone. The primary zone is made as large
as necessary to yield converged energetics and dynamics.
Surrounding the primary zone is a set of rigid atoms which
extends far enough to include all atoms that are within the
potential cutoff distance to all atoms in the primary zone.
This surrounding set of atoms is called the secondary zone.
In Sec. III we discuss in more detail the primary and second-
ary zones for each system studied, and we evaluate the con-
vergence of the energetics and dynamics with respect to the
size of the primary zone.

To calculate a CVT rate constant, we consider a represen-
tative reaction path, which we take to be the minimum-
energy path~MEP! through the saddle point of interest. Each
MEP is calculated as the path of steepest descents14,22,23 in
the mass-scaled Cartesian coordinates24–28 of the adsorbate
and primary-zone metal atoms on the potential-energy sur-
face from the saddle point of the surface. We define a reac-
tion coordinates along the MEP. In the present work, the
coordinates are scaled to a mass of 1 amu. At the saddle
point, s50; at the reactant,s5sR ~wheresR is a finite nega-
tive number for the unimolecular reactions considered here!;
and at the product,s5sP ~wheresP is a finite positive num-
ber!. The specific value ofsR for a particular minimum-
energy site depends on the process. In the present paper,
sR(A100) denotes the value ofs at theA100minimum-energy
site,sR(OI) denotes the value ofs at the interior octahedral
site,sR(TeI) denotes the value ofs at the interior tetrahedral
site, etc. Next, the dynamical bottleneck is chosen from
among a series of dividing surfaces~called generalized tran-
sition states! orthogonal to the MEP as the one which mini-
mizes recrossing effects12–17 and therefore minimizes the
rate constant. The upper limit to the CVT rate constant is the
conventional transition-state theory~TST! rate constant,
which always uses the dividing surface which passes through
the saddle point as the dynamical bottleneck. In cases where
this is the true dynamical bottleneck, the CVT rate constant
is equal to the TST rate constant. We will show in Sec. III
that variational effects are very important for some of the
processes~particularly interior and subsurface processes!
studied here, and that the CVT method provides a better
approximation to the classical rate constant. That is, the true
dynamical bottleneck does not always pass through the
saddle point.

Quantum-mechanical effects are incorporated into the rate

constant by making a separable mode approximation, quan-
tizing the partition functions associated with the adsorbate
and primary-zone atoms of the reactant and the transition
state, and then multiplying by a factor that accounts for tun-
neling along the reaction path from bound reactant states
using a small-curvature-tunneling~SCT!, quantized-reactant
~Q! approximation. The resulting expression for the rate con-
stant is

kCVT/SCTQ~T!5kCVT/ GQ~T!
skBT

h

QCVT~T!

QR~T!

3expS 2VMEP
CVT~T!

kBT
D , ~2!

where the superscript onk(T) indicates the level of theory
used to calculate the rate constant,kCVT/GQ(T) is the ground-
state transmission coefficient with quantized reaction-
coordinate states described in Refs. 10 and 19,kB is Boltz-
mann’s constant,h is Planck’s constant,QCVT(T) and
QR(T) are the quantized partition functions of the transition
state and reactant sites, respectively,VMEP

CVT(T) is the Born-
Oppenheimer potential energy of the system at the dynami-
cal bottleneck, ands is a symmetry factor equal to the num-
ber of equivalent pathways from the reactant site to a product
site. This number is equal to the coordination number of the
reactant divided by the coordination number of the transition
state. Table I lists the values ofs for the three diffusion
processes considered here. For the absorption and deabsorp-
tion processes,s is equal to 1. An approximation to the
SCTQ method is to treat the reaction-coordinate energy lev-
els as a classical continuum~i.e., rather than quantizing
them!. This latter approximation10,18 is denoted SCT,
CVT/SCT, and CVT/G, all without the Q.

The effective potential used for tunneling is the vibra-
tionally adiabatic ground-state potential-energy curve, given
by26

Va
G~s!5VMEP~s!1« trans

G ~s! ~3!

whereVMEP(s) is the potential energy at a points along the
MEP, and« trans

G (s) is the ground-state vibrational energy of
all adsorbate and primary-zone modes transverse to the reac-
tion path. Both« trans

G (s) and the energy levels required to
calculateQCVT(T) are calculated in the Cartesian coordinate
harmonic approximation explained elsewhere.14 At this
point, we define two useful quantities. For hydrogen diffu-
sion on or in a Ni lattice withN Ni atoms in the primary
zone, there areF53(N11) vibrations. One of these vibra-
tions is associated with reaction path motion, and this leaves
M5F21 vibrations transverse to the reaction path. When
the variational transition state is ats50, then the vibra-
tionally adiabatic barrier height is given by

DVa
‡G5Va

G~s50!2Va
G~s5sR!, ~4!

which in the harmonic approximation is equal to

DVa
‡G5FE~‡!1 1

2 (
m51

M

hcȳm
‡ G2FE~R!1 1

2 (
m51

M

hcȳm
RG ,

~5!

TABLE I. Hop length (l) in terms of the lattice constant
(R053.52 Å!, dimensionality (d), and symmetry factor (s) for H
diffusion on Ni~100! and Ni~111! and in interior Ni.

Process l d s

H/Ni~100! surface diffusion R0 /A2 2 4

H/Ni~111! surface diffusion A6R0 /6 2 3

H/Ni interior diffusion R0 /A2 3 8
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wherec is the speed of light,E(R) andE(‡) are the Born-
Oppenheimer energies of the minimum energy and saddle-
point sites,ȳm

R are frequencies in wave numbers of theM
modes transverse to the reaction path mode associated with
the minimum-energy site, andȳm

‡ are frequencies in wave
numbers of the transverse modes associated with the saddle
point. Subtracting the zero-point energy of the reaction path
mode at the reactant site from Eq.~5! gives the zero-point
corrected barrier height, which we callDE0

‡ . Note that
E(‡)2E(R) is called the classical barrier height.

The activation energyEa , in contrast toDVa
‡G and

DE0
‡ , is defined in terms of dynamical properties and de-

pends on temperature; in particular,29

Ea~T!52RT
d ln~k!

d~1/T!
. ~6!

However, in previous work10 we have found that if the maxi-
mum of the vibrationally adiabatic curve is ats50, then
DE0

‡ gives a reasonable estimation of the high-temperature
activation energy for the diffusion process, i.e.,

Ea~high T!'DE0
‡ . ~7!

In practice, since the activation energy depends on tem-
perature, one must be careful about consistency when com-
paring theory to experiment. In Sec. IV, when carrying out
such comparisons, we fit both theory and experiment at the
same two temperatures to the form

D~T!5D0 expS 2
Ea

RTD ~8a!

for the three diffusion processes and to

k~T!5A expS 2
Ea

RTD ~8b!

for the absorption and deabsorption processes. These two
definitions ofEa are consistent, since the other factors in Eq.
~1! are independent of temperature.

C. Potential-energy function

We now present the EAM potential, to be called EAM6,
that is used in the current work. In previous work,2,3,7–10

potential functions were created using the standard EAM for-
malism presented by Daw and Baskes.2 In this formalism,
the energyVa of an atoma is given as

Va5Fa~ r̄a!1 1
2 (

aÞa8
f~Raa8!, ~9!

and the energy of the entire system is given as

V5(
a

Va . ~10!

In the above equations,Fa( r̄a) is the energy to embed atom
a into a system at a point where the surrounding electron
densityr̄a is the sum of the individual atomic electron den-
sities,r̄ a8

a , contributed by all other atoms,a8, in the system
at the point where atoma is to be embedded, i.e.,

r̄ a[(
a8

r̄a8
a . ~11!

The second term in Eq.~9! involves a sum of the pair poten-
tials between atoma and all other atomsa8 in the system,
whereRaa8 is the interatomic distance between atoma and
atom a8. The first term in Eq.~9! includes nonpairwise,
many-body interactions, which are known1 to be an essential
ingredient for a PEF to model metallic systems accurately.

The calculation of the density, Eq.~11!, in the current
work is identical to that in EAM5, and specific details of this
calculation are given in previous work.2,9,10 The specific
functional forms of the Ni and H embedding functions@i.e.,
FNi( r̄a) and FH( r̄a) in Eqs. ~9! and ~10!# and of the pair
potential will be presented below.

As mentioned above, EAM5 is not particularly well suited
for H in an interior interstitial site in Ni. In particular, al-
though vibrational frequencies and energetics for H absorbed
at interior stationary points are given quite accurately, for
pure Ni EAM5 predicts elastic constants and a bulk modulus
that are too low, and it yields an inaccurate Cauchy
discrepancy.2,10The first step in the reparametrization was to
correct these problems. Since these problems do not involve
H interaction with Ni, they could be fixed by adjusting only
the Ni parameters.

1. Ni parameters

We assumed the same Coulombic form of the repulsive
pair potential given by Daw and Baskes2 and used in previ-
ous versions of the current EAM potential:

f~Raa8!5
CZa~Raa8!Za8~Raa8!

Raa8
, ~12!

where C is a constant equal to 14.3888 eV Å, and
Za(Raa8) andZa8(Raa8) are the effective nuclear charges of
atomsa anda8 at a distanceRaa8 from the nuclei. These
functions are cut off to zero at a finite range with continuous
first and second derivatives by incorporating a smoothing
function which is given in Refs. 8 and 10. We used the same
ZNi(Raa8) used in previous7,8,10work:

ZNi~Raa8!5Z0F11SRaa8
b D cGexpS 2Raa8

a D . ~13!

The valuesa, b, andc are given in Table II.
Roseet al.30 presented a universal energy function for Ni

~as well as many other metals! depending upon the sublima-
tion energy and a variable lattice constant. This function,
along with Eqs.~9!, ~11!, and~12!, leads to a set of points to
which the Ni embedding function can be fit. Previous func-
tional forms7,8,10of the Ni embedding energy involved a sum
of three exponentials to which we have been unable to fit the
function and its first two derivatives precisely enough to
yield both accurate elastic constants and an accurate lattice
constant. In EAM6, we therefore expand the fit to a sum of
four exponentials, and we fit the embedding energy over the
region 0, r̄a<0.1 Å23. Above r̄a50.1 Å23, we intro-
duced a quintic spline with continuous first and second de-
rivatives which force the function to equal a constant value
at larger̄a . The resulting Ni embedding function is given as
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FNi~ r̄a!5H A exp~2aNir̄a!1~BNir̄a!3exp~2b Nir̄a!1CNiexp~2gNir̄a!1~DNir̄a!5exp~2dNir̄a!, 0<r̄a<rc2D

As~ r̄a2rc!
51Bs~ r̄a2rc!

41Cs~ r̄a2rc!
31Ds , rc2D<r̄a<rc

DS , rc, r̄a .
~14!

The parameters in Eq.~14! are given in Table II. We justify
the simple treatment of the region withr̄a.0.1 Å23 by the
fact that in the processes examined in the present study, lat-
tice atoms are never in surrounding densities greater than
0.07 Å23, and we note that for an interior Ni atom to be
embedded in a vacancy with a surrounding atomic density of
0.1 Å23, the nearby lattice atoms would have to be com-
pressed equivalently to a lattice constant of 3.29 Å@the equi-
librium lattice constant is 3.52 Å~Ref. 31!#.

Calculated bulk Ni characteristics with no H atom present
are given in Table III, where they are compared to
experiment.32–37We note that the bulk lattice quantities pre-
dicted by EAM6, in particular the elastic constants and bulk
modulus, are in much better agreement with experiment than
are those predicted by EAM5. Once the Ni parameters were

determined, we prepared the final versions of the Ni lattices
to be used in the calculations. We have demonstrated in pre-
vious work21 the importance of using a lattice constant that is
consistent with the assumed potential-energy function when
constructing the metal lattices. For EAM6, the energetically
minimized lattice constantR0 is 3.5235 Å. Thus all Ni lat-
tices in this work are constructed with this lattice constant.
The lattices are discussed in detail in Sec. III.

2. H-Ni interaction parameters

The above step focused on the energetics of bulk Ni with
no H atom present. Another area in which we improved
EAM5 is the treatment of a H atom on the~111! surface. The
experimental value11 for the doubly degenerate hydrogenic
vibration parallel to the~111! surface is 955 cm21, and
EAM5 yields a value of 387 cm21 for this quantity. Also,
EAM5 leads to Arrhenius activation energies substantially
lower ~by about 2–3 kcal/mol! than experiment. These inac-
curacies lead to questionable reaction dynamics and to diffu-
sion coefficients which are nearly six orders of magnitude
higher than experimental values.38,39 The second step in the
reparametrization was to improve the predicted energetics of
a hydrogen atom interacting with the Ni~111! surface, while
maintaining the good agreement of predicted features for the
~100! surface. Given the EAM formalism discussed above,
we considered several ways of doing this.

The first method is global reparametrization. This in-
volves choosing a functional form and allowing all the pa-
rameters to vary in order to minimize the error with respect
to all experimental quantities to which the function is being
fit. In practice we found that this method only very mini-
mally improves the~111! surface characteristics. In addition,
since EAM5 is already very accurately parametrized for
~100! surface calculations, global reparametrization to im-
prove H on Ni~111! tends to introduce larger errors for H on

TABLE III. Energetically minimized lattice constantR0 , subli-
mation energyEs , monovacancy formation energyE1n

F , elastic
constants, and bulk modulusB, calculated by EAM5 and EAM6
compared to experiment.

Quantity Experiment EAM5a EAM6

R0 ~Å! 3.52b 3.5211 3.5235
Es ~eV! 4.45c 4.43 4.46
E1n
F ~eV! 1.39–1.70d 1.66 1.63

C11 (1012 dyn/cm2) 2.465e 1.852 2.184
C12 (1012 dyn/cm2) 1.473e 1.238 1.560
C44 (1012 dyn/cm2) 1.247e 1.255 1.263
B (1012 dyn/cm2) 1.86e 1.44 1.77

aReference 10.
bReference 31.
cReference 32.
dReferences 33–36.
eReferences 37.

TABLE II. EAM6 parameter set.

Function Parameters

ZNi Z0510.0 a50.537 Å b51.116 Å c51.0
ZH a150.374 Å b150.932 Å c152.775 d150.007 52

a250.010 Å b250.549 Å c25142.678 d258.0036 Å21

a350.011 Å b350.377 Å c3595.455 d352.401 Å
FNi ANi52303.289 eV Å3 BNi587.987 eV1/3 Å 3 CNi52522.774 eV Å3 DNi539.421 eV1/5 Å 3

aNi57.647 Å3 bNi575.075 Å3 gNi5373.379 Å3 dNi556.342 Å3

As522.01531010 eV Å15 Bs525.3843108 eV Å12 Cs524.0603106 eV Å9 Ds5211.031 eV
rc50.11 Å23 D50.01 Å23

FH( r̄) EH1
5476.121 eV Å3 «H1

55.072 Å3 EH2
52543.394 eV Å3 « H2

55.285 Å3

FH( r̂a1 ,r̂a2) Q152 Q250.5
j11520.040 84 eV j1253.6863108 Å 6 j13513 563 Å26

j21520.003 25 eV j22554.772 Å3/2 j2350.812 Å23/2
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Ni~100!, and these are not justifiable by the minimal im-
provement for~111!.

Method 2 is local reparametrization. This involves mak-
ing parameter changes that—as much as possible—only af-
fect the stationary points whose characteristics we are inter-
ested in changing, specifically the vibrational frequencies at
the A111 site and the activation energy for diffusion on the
~111! crystal face. This is an attractive approach in principle,
but in practice it only succeeds to a limited extent because
several of the stationary points whose energetics are to be
simultaneously addressed are very close to one another in the
space of the independent variables. Thus, if one introduces a
correction function that is active only in the offending region
of the PEF, it needs to be so sharply varying that it tends to
introduce fluctuations of the frequencies along the reaction
paths. If, however, one introduces a smoother correction
function, it tends to damage the accuracy of energetic pre-
dictions for other equilibrium or transition state sites. Al-
though the fluctuation problem is not a serious one if the
fluctuations are small, we found that attempts to make local-
ized changes that are large enough to make the~111! diffu-
sion barrier agree with experiment introduced severe fluctua-
tions that led to an oscillating vibrationally adiabatic ground-
state potential-energy curve@see Eq.~3!#, which in turn leads
to unphysical tunneling calculations. Although some im-
provement can be obtained with local modifications, we
eventually concluded that it is necessary to increase the
space of independent variables, and we did this by introduc-
ing a nonlocal density feature in the embedding function.
The final strategy thus involved a combination of global,
local, and nonlocal approaches, and these steps are discussed
in more detail in the following paragraphs.

We first employed the global and local reparametrization
schemes without extending either method so far that either
oscillating vibrationally adiabatic ground-state potential-
energy curves or significantly larger errors on~100! were
introduced, and then we introduced nonlocal functional de-
pendency to decrease the remaining error on~111!. The func-
tional form was introduced inFH( r̄a), the embedding en-
ergy of the H atom, and we simultaneously reparametrized
ZH(Raa8), the effective nuclear charge of the H atom, to
reproduce as accurately as possible the frequencies and en-
ergetics associated with four of the surface stationary points
mentioned in Sec. II A (A100, ‡100, A111, and ‡111).

For ZH(Raa8), we chose to use

ZH~Raa8!5(
j51

3 F SRaa8
bj

D cjexpS 2Raa8
aj

D G
1d1sech@d2~Raa82d3!#. ~15!

The reasons for using this functional form are as follows. For
all four surface stationary points used in the fit, 90–95 % of
the H-Ni pair interaction is due to the nearest-neighbor con-
tributions. As a result, the values ofZH(Raa8) and its first
two derivatives at the nearest-neighbor distances must be the
crux of any successful parametrization of Eq.~15!. The sum-
mation of exponentials provides the degrees of freedom nec-
essary to alter selectively the potential curve at the nearest-
neighbor distances of the stationary points whose
characteristics needed to be changed, while also providing a

smooth, well-behaved function, as is necessary to insure
physically reasonable frequencies along the reaction paths
and hence well-behavedVa

G curves with no spurious arti-
facts. The second-nearest neighbors contribute most of the
remaining pairwise interaction, with third- and further near-
est neighbors contributing less than 1.1% of the interaction.
The hyperbolic secant is specifically added in a region which
almost exclusively affects the second-nearest-neighbor inter-
action of the ‡111 site. This localized change allows an in-
crease in the energy of the ‡111 site @and, therefore, an in-
crease inDE0

‡ of the diffusion process on the~111! surface#
without severely affecting the vibrational frequencies or-
thogonal to the reaction paths.

The H-atom embedding function has a much larger effect
on the energies of the stationary points than on the frequen-
cies. Therefore, the functional form ofFH( r̄a) was general-
ized to allow the embedding function to depend on additional
combinations of the density contributions of the other atoms.
In particular,

FH~ r̄a ,r̂a
~1! ,r̂a

~2!!5(
j51

2

@E Hj
r̄aexp~«Hj

r̄a!#

1 (
k51

2

jk1sech@jk2~ r̂a
~k!2jk3!#,

~16!

where

r̂a
~k!5(

a8
~ r̄ a8

a
!Qk. ~17!

This is a computationally efficient way to introduce what
would be equivalent to nonlocal corrections~gradient correc-
tions! in density-functional theory. It is similar to the embed-
ding functions used in previous work,7,8,10but in addition to
being a function of the sum of individual electron densities
created by all other atoms, it is also a function of the sum of
the individual densities all taken to some powerQ1 and of
their sum when taken to some other powerQ2 . This function
gives different embedding energies for two sites with ap-
proximately the samer̄a , depending on whether thatr̄a re-
sults from a larger number of smaller~and hence more
slowly varying! density contributions or a smaller number of
larger ~and hence more rapidly varying! contributions. As a
consequence, it more clearly distinguishes the regions of the
PEF that affect the various stationary points, and it therefore
allows us to make localized corrections to the function with-
out damaging the already accurate regions.

To optimize the parameters of these functions, we first set
j11 andj21 equal to zero, and use a variation of the simplex
algorithm40 to adjust the parameters ofZH(Raa8) and the
first sum of Eq.~16! to minimize an error function relating
the experimental~where available! energetics and frequen-
cies of the four surface stationary points used in the fit to
those predicted by the potential-energy function. The error
function which was minimized is

S5(
a

W~a!S acalc2a lit

a lit
D 2. ~18!
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wherea represents an observable quantity,a calc is the cal-
culated value for that quantity,a lit is a target experimental
value or other theoretical value from the literature, and
W(a) is a weighting function. The weighting function ac-
counts for the difference in magnitude of the various quan-
tities, and weights them according to the level of reliability
of the literature data or the acceptable level of fitting accu-
racy for realistic dynamics calculations. In particular, the
weighting function is defined as

W~a!5Fa lit YS maxH Da lit

DaaccD G 2, ~19!

whereDa lit is the reported error estimate in the literature
value for the observable quantitya, and Daacc is the re-
quired level of accuracy for this quantity. Usually,Da acc
equalsDa lit , unless no error estimate is given in the litera-
ture or ifDa lit is much smaller than is necessary to obtain a
good fit to the data.

The quantities used in the minimization of the error func-
tion and the corresponding quantities used in Eqs.~18! and
~19! are given in Table IV. For theA100andA111sites, values
for a lit were taken from experiment.11,38,39,41–57Values for
Da lit are either the error range given in the reference or the
range of experimentally measured values for the given quan-
tity. The a lit values for the perpendicular hydrogenic vibra-
tional frequency at the saddle points were obtained from
theoretical calculations made for the ‡100 site

55 and the ‡111
site.56 Since there are no experimental data forE(‡100) and
E(‡111), we estimateda lit values for these quantities at the
fitting stage by assuming that the experimental activation
energy at the highest available temperature range measured
is well approximated by our calculatedDE0

‡ @see Eq.~7!#.
This was a reasonable and practical way to proceed at the
fitting stage, but in Sec. IV we will discuss alternative meth-
ods for approximatingE(‡) values. These alternative meth-
ods are perhaps more reliable forE(‡111), because the high-
est temperature experiments available for the~111! surface
may not be high enough to validate the assumption of Eq.
~7!.

The parameters for the effective nuclear charge on the H
atom, Eq.~15!, and the local part of the hydrogen embedding
energy, the first sum in Eq.~16!, were adjusted by approxi-
mately minimizing Eq.~18!, and the parameters for the non-
local part of the hydrogen-embedding function, the second
sum in Eq.~16!, were manually optimized. Table II lists the
values of all of these parameters for EAM6.

The actual parametrization that we have just described
was based on rigid-lattice calculations. We have shown10

that the frequencies and energetics of H on the~100! crystal
face do not depend very much on lattice motion. We also
determined, through a brief study of the~111! face in the
previous10 work, that the same is true for H on the~111!
crystal face. Since lattice motion has such a small effect on
these quantities, it was not necessary to use nonrigid lattices
during the parametrization stage.~The above conclusions
were originally made from results calculated with EAM5,
but we later found that calculations with EAM6 yield the
same conclusions, as we will show in Sec. III.! Note that
although parametrization was carried out with rigid lattices,

all results in Table III and subsequent tables are converged
with respect to relaxing the lattice atoms by the embedded-
cluster method, both to confirm the effect of lattice motions
and also to be consistent with results for interior sites and for
the absorption and deabsorption processes, for which lattice
motions arevery important.

The interior stationary pointsOI and ‡I were not consid-
ered in the parametrization as described above; however,
since the corrections made for H interaction with Ni were
primarily local ones that mostly affectedA111 and ‡111, they
did not alter the energetics and frequencies of the interior
stationary points. As a result, the calculation of these quan-
tities closely match the EAM5 calculations, which are rea-

TABLE IV. Quantities used in the minimization of the error
function Eq.~18! for the parametrization ofZH andFH . Energies
E and zero-point-corrected barrier heights,DE0

‡ are given in
kcal/mol, equilibrium heights above the surface planez are given in
Å, and frequenciesȳ are given in wave numbers. Values in paren-
theses are calculated.

a a lit Da lit Daacc W(a)

(A100)
E 264.5a 0.7a 0.7 5152.0
z 0.5b 0.1b 0.1 25.0
DE0

‡ 4.0c 0.9c 0.9 19.8
ȳ' 565d 32d 150 14.2
ȳ i 387e 200 3.7

(‡100)
ȳ' ~1428! f 200 51.0

(A111)
E 266.2g 0.6g 0.6 17 476.8
z 1.0h 0.2h 0.2 25.0
DE0

‡ 3.3 i 1.0 i 1.0 10.9
ȳ' 1150j 30 j 150 58.8
ȳ i 955k 200 22.8

(‡111)
ȳ' ~1183! l 200 35.0

aBinding energies calculated from heats of adsorption (DHT) using
the method described in Ref. 10. Heats of adsorption were taken
from Refs. 42 and 43, and vibrational frequencies were taken from
Refs. 44 and 47.
bReference 46.
cEa from Refs. 45 and 48.
dReferences 44 and 47.
eThis parallel vibration was actually determined from an EELS loss
on the~100! terrace of a Ni~510! surface in Ref. 49.
fReference 55.
gBinding energies calculated from heat of adsorption (DHT) using
the method described in Ref. 10. Heats of formation were taken
from Refs. 43 and 57, and vibrational frequencies were taken from
Refs. 11 and 51.
hReferences 50 and 52–54.
iEa from Refs. 38 and 39.
jReferences 11 and 51.
kReference 11.
lReference 56.
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sonably accurate compared to experiment, as confirmed by
relaxed-lattice calculations reported below.

III. CALCULATIONS AND RESULTS

To construct embedded clusters, it is necessary to define
the specific locations of the important stationary points of the
hydrogen atom with respect to the lattice atoms. Given these
locations, it is then necessary to decide which of the lattice
atoms will be allowed to move in the simulation. For each of
the processes studied, the locations of the stationary points
from which the limits of the primary zone are extended are
the reactant and product minimum-energy sites for the pro-
cess. For the~110! calculations, the limits of the primary
zone are extended from theA110 site. The construction of the
lattices is outlined below.

We constructed one lattice for each of the three crystal
faces, one lattice for the interior calculations, and one lattice
for the ~111! subsurface calculations. The first lattice, used
for the H/Ni~100! calculations, exposes the~100! crystal
face. The locations of the stationary points from which the
limits of the primary zone are extended are two adjacent
fourfold A100 sites, specifically the reactant and product sites
of the hopping process. The lattice consists of 790 atoms, up
to 38 of which are in the primary zone. The second lattice,
used for the H/Ni~111! calculations, exposes the~111! crys-
tal face. The locations of the stationary points from which
the primary zone is extended are two adjacent threefold
A111 sites, specifically the reactant and product sites of the
hopping process. The lattice consists of 698 atoms, with up
to 29 atoms in the primary zone. The third lattice is used for
calculations on the~110! crystal face, and the location from

which the primary zone is extended is theA110 minimum-
energy site. The lattice contains 879 atoms with up to 40
atoms in the primary zone. The fourth lattice, used for the
H/Ni~interior! calculations, contains 1532 properly spaced Ni
atoms that fit within two overlapping spheres of radii 15.3 Å
centered at two adjacentOI sites, and the primary zone con-
sists of up to 52 atoms. The fifth lattice, used for the~111!
subsurface calculations, also exposes the~111! crystal face.
For this lattice, however, the locations of the stationary
points from which the primary zone is extended are the
OS,111site and the adjacentA111 site. The lattice contains 866
Ni atoms, with up to 37 Ni atoms in the primary zone. Table
V gives a breakdown of the number of atoms in each atomic
layer for the four lattices which expose a crystal face, and
how many in each layer are in the primary zone. Note that
this breakdown is not applicable to the interior lattice.

The size of the primary zone for each system has to be
large enough that the energetic and dynamical results are
converged with respect toN, the number of atoms in the
primary zone. To determine the proper size of each primary
zone, we examined the convergence of the results with re-
spect toN. The six curves in Fig. 6 are plots of the root-
mean-squared percentage deviation of the calculated H bind-
ing energies and vibrational frequencies of H adsorbed at
sites on the three surfaces for various values ofN from those
obtained from a rigid surface (N50) calculation. In particu-
lar, the curves are plots of the expression

F(
i51

I S aN,i2a0,i

a0,i
D 2 Y I G1/2, ~20!

where a0,i is a quantity calculated for a rigid surface
(N50), andaN,i is the same quantity calculated for a sys-
tem withN atoms in the primary zone. Figure 7 is a similar
plot for the subsurface and interior site calculations. Note
that, for each system, both a frequency convergence curve

FIG. 6. Root-mean-squared percentage deviations from rigid lat-
tice calculations of H binding energies and vibrational frequencies
for H adsorbed at stationary points on Ni~100!, Ni~111!, and
Ni~110! for increasing numbers of primary zone atoms. See text for
details.

TABLE V. The ~100!, ~111!, ~110!, and~111! subsurface lattice
structures. The first column lists the number of atoms in each plane
of the lattice with the exposed~100! crystal face, the second column
is for the lattice with the~111! face exposed, the third column is for
the lattice with the~110! face exposed, and the fourth column is for
the subsurface lattice calculations@also with the~111! crystal face
exposed#. Numbers in parentheses are the numbers of atoms in the
primary zone in each plane. The surface plane is denoted plane 1,
the atomic plane immediately beneath the surface plane is denoted
plane 2, etc.

Plane ~100! ~111! ~110! Subsurface

1 132 ~20! 136 ~14! 98 ~10! 141 ~18!
2 126 ~12! 125 ~12! 95 ~11! 137 ~12!
3 124 ~6! 123 ~3! 92 ~10! 136 ~7!

4 112 108 93~7! 129
5 98 90 84~2! 114
6 78 71 83 91
7 60 42 76 69
8 44 3 68 42
9 16 58 7
10 49
11 40
12 29
13 14

total 790~30! 698 ~29! 879 ~40! 866 ~37!
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and a binding-energy convergence curve are given. Table VI
gives the particular sites examined, and corresponding values
of N and I used in expression~20! for the convergence
curves for each system. The values ofN examined for each
case are dependent upon the structural symmetry of the lat-
tice for that case, as discussed previously.21 The value ofI
used in expression~20! is equal to the number of stationary
points examined for the binding-energy convergence curves
~i.e., one binding energy for each stationary point!, and it is
equal to three times the number of stationary points exam-
ined for the frequency convergence curves~i.e., three hydro-
genic vibrations for each stationary point!.

Figures 6 and 7 demonstrate that lattice motion is far
more important for the subsurface and interior calculations
than for the surface calculations. Specifically, lattice motion
changes the binding energies by less than one-half of one
percent for the surface calculations, but by 30–40 % in the
subsurface and interior. Similarly, lattice motion changes the
surface frequencies@those on the~100!, ~111!, and ~110!
faces# by less than 6%, but it changes the subsurface and
bulk frequencies by roughly 30–60 %. We note further that
the tightly bound saddle points are more affected by lattice
motion than the minimum-energy sites. Upon coupling to the
vibrations of the lattice, the energy of theOI site decreases
by 3.4 kcal/mol, while that of the ‡I site decreases by 14.9

kcal/mol. The sum of the hydrogenic vibrational frequencies
transverse to the reaction path mode at theOI site decreases
by 399 cm21 ~which corresponds to a 0.6-kcal/mol decrease
in zero-point energy!, while that at the ‡I site decreases by
2267 cm21 ~which corresponds to a 3.2-kcal/mol decrease in
zero-point energy!. Combining the energetic and frequency
effects leads to a decrease inDVa

‡G @see Eq.~5!# for the
interior diffusion process of 14.2 kcal/mol~11.5 kcal/mol
from binding energy and 2.7 kcal/mol from frequencies!
upon relaxation. A similar treatment with theOS,111 and
‡Ab,111 sites leads to a smaller~but still substantial! decrease
in DVa

‡G for the deabsorption process of 4.5 kcal/mol upon
relaxation. Since these relaxation effects are so pronounced
for the subsurface and interior systems, particularly for the
saddle points of the reaction paths studied for these systems,
they have to be taken into account to carry out accurate dy-
namics calculations.

It is clear that the results are converged by the highest
value of N used for each particular system, and in many
cases the results are nearly converged byN510. A similar
convergence was found for the rate constants. For example,
rate constants calculated at the highest value ofN were all
within 6% of the rate constants calculated at the second-
highest value onN.

Next we examine the variational and tunneling effects ob-
served for the systems studied. Table VII gives the ratios of
rate constantsk(T), calculated by CVT and CVT with tun-
neling corrections, to those calculated with conventional
TST at a sample of temperatures. For the surface diffusion
processes, variational effects are negligible@i.e.,
kCVT(T)/kTST(T) equals 1.0#. For interior diffusion and de-
absorption, however, the effects are substantial. For example,
for interior diffusion, the CVT rate constants are lower than
the TST rate constants by a factor of 2 at 600 K, and for
deabsorption at the same temperature the CVT rates are
lower than the TST rates by 27%. Variational effects become
even more important at higherT. For three of these four
processes, tunneling effects are very important, primarily at
low temperatures. The important conclusion obtained from
Table VII is that variational effects~especially for the inte-
rior and subsurface processes! and tunneling effects~espe-
cially at low temperatures! are important for a uniformly
valid treatment of all the processes considered. Therefore, all
rate constants and diffusion coefficients presented in this pa-
per are calculated using CVT with tunneling corrections.

Using the lattices described above with EAM6 and ver-
sion 6.1 of thePOLYRATE code,58 we calculated binding en-

FIG. 7. Same as Fig. 6, except for H absorbed at stationary
points in subsurface Ni and interior Ni. See text for details.

TABLE VI. Specific sites examined for each system, and corresponding values ofI used in expression
~20! for the binding energy and frequency convergence curves. Values ofN are the numbers of atoms in the
primary zones considered in the convergence tests.

I in expression~20!
System Sites Frequency curve Binding energy curve Values ofN

H/Ni~100! A100,‡100 6 2 0, 6, 14, 38
H/Ni~111! A111,‡111 6 2 0, 4, 10, 29
H/Ni~110! A110 3 1 0, 3, 14, 26, 40
H/Ni~subsurface! OS,111,‡Ab,111,‡S,111 9 3 0, 6, 13, 31, 37
H/Ni~interior! OI ,TeI ,‡I 9 3 0, 10, 22, 52
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ergies, geometries, and vibrational frequencies of an H atom
adsorbed at theA100, ‡100, A111, ‡111, andA110 sites and
absorbed at theOI , TeI , ‡I , HI , OS,111, TeS,111, ‡S,111,
and ‡Ab,111sites. We also used CVT with the SCTQ and SCT
tunneling approximations to examine the dynamics of H dif-
fusion on ~100! and ~111! and in interior Ni, as well as H
absorption into the~111! surface and the reverse process.
Results of these calculations are given in Tables VIII–XV
and Figs. 8–13, and they are discussed in Sec. IV.

IV. DISCUSSION

A. H/Ni „100… binding sites and surface diffusion

We compare several quantities to experiment42–48 in
Table VIII. First we consider quantities related to the equi-
librium binding sites, which are fourfold sites on this crystal
face. Binding energies (E, kcal/mol! are given with respect
to the classical energy of a H atom infinitely separated from
the surface. Hydrogen equilibrium heights above the surface
(z, Å! are calculated as the perpendicular distance from the
center of the H atom to the plane formed by the surface Ni
atoms. Hydrogen-nickel equilibrium distances (RH-Ni , Å! are
the distances between the center of the H atom and the center
of one of the Ni nearest neighbors. The perpendicular hydro-
genic vibrations (ȳ' , cm21) are for the H atom stretching
perpendicular to the surface plane. The parallel hydrogenic
vibrations (ȳ i , cm

21) are for H-atom motion parallel to the
surface plane. Results for these quantities are all in very
good agreement with experiment.

Results for the diffusion coefficients of H on the Ni~100!
crystal face are shown as an Arrhenius plot in Fig. 8 along
with literature results. George, DeSantolo, and Hall45 mea-
sured the diffusion coefficients using laser-induced thermal
desorption, and performed the experiments at a hydrogen
coverageu of 0.12 ML. The same technique was used by
Mullins et al.,48 who measured the diffusion coefficients
with approximately one monolayer of hydrogen atom cover-
age. Lin and Gomer38 measured the diffusion coefficients
with field-emission fluctuation and with hydrogen-atom cov-
erages ranging from 0.25 to 0.95 ML. The results plotted in
Fig. 8 that represent the work of Lin and Gomer are esti-

TABLE VII. Ratios of rate constants calculated by conventional
TST, by CVT, and by CVT with tunneling~CVT/T) at a sample of
temperatures. For the~100! and ~111! diffusion processes, the tun-
neling method is SCTQ, and for interior diffusion and deabsorption,
the tunneling method is SCT.

Temperature kCVT(T)

kTST(T)

kCVT/T(T)

kCVT(T)

kCVT/T(T)

kTST(T)

~100! diffusion
120 K 1.00 1.61 1.61
300 K 1.00 1.08 1.08
600 K 1.00 1.01 1.01

~111! diffusion
120 K 1.00 176.14 176.14
300 K 1.00 1.64 1.64
600 K 1.00 1.21 1.21

interior diffusion
120 K 0.67 1.33 0.89
300 K 0.59 1.05 0.62
600 K 0.46 1.00 0.46
1500 K 0.32 1.00 0.32

deabsorption
120 K 0.83 6434.99 5341.04
300 K 0.81 2.74 2.22
600 K 0.73 1.01 0.74
1500 K 0.58 1.00 0.58

TABLE VIII. Binding energiesE, hydrogen equilibrium heights
z above the surface plane, hydrogen-nickel equilibrium nearest-
neighbor distancesRH-Ni , perpendicular H-Ni stretching vibrational
frequenciesȳ' , and doubly degenerate parallel H-Ni surface vibra-
tional frequencies,ȳ i for H on Ni~100! calculated by EAM5 and
EAM6 compared to experiment.

Quantity Experiment EAM5a EAM6

(A100)
E ~kcal/mol! 264.560.7b 264.76 265.50
z ~Å! 0.560.1c 0.50 0.49
RH-Ni ~Å! 1.8222.0c 1.83 1.84
ȳ' ~cm21) 5322597d 753 751
ȳ i ~cm21) 524 607

(‡100)
E ~kcal/mol! @26062 e# 260.76 261.53
z ~Å! 0.93 0.94
RH-Ni ~Å! 1.56 1.58
ȳ' ~cm21) 1270 1192
ȳ i ~cm21) 449 569

aReference 10.
bSee footnote a in Table IV. The value given is an average of values
calculated from the two experimental determinations ofDHT ,
which individually yield 264.560.4 ~Ref. 43! and 264.660.6
~Ref. 42! kcal/mol.
cReference 46.
dReferences 44 and 47.
eEstimation based on activation energies from Refs. 45 and 48. See
the discussion at end of Sec. IV A.

TABLE IX. High-temperature Arrhenius parameters for H dif-
fusion on Ni~100! calculated by EAM5 and EAM6 compared to
experiment. Activation energiesEa are given in kcal/mol, and pre-
exponential factorsD0 are given in cm

2/s. Numbers in parentheses
are powers of 10.

Quantity Temperature Experiment EAM5a EAM6

Ea 211–263b 4.060.9b 4.08 4.18
223–283c 3.560.3c 4.09 4.22

D0 211–263b 4.5(23) b 4.6(23) 2.8(23)
223–283c 2.5(23) c 4.7(23) 2.9(23)

aReference 10.
bReference 48.
cReference 45.
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mated from the activation energies and preexponential fac-
tors reported in Ref. 38. Their results over this coverage
range varied by less than one-half order of magnitude. Leeet
al.41 used linear optical diffraction techniques for their mea-
surements, and the results representing their work plotted in
Fig. 8 are for a hydrogen atom coverage of 0.7 ML. All of
the theoretical work in the present paper was done in the
single-adatom low-coverage limit. For the most part, agree-
ment of theory and experiment is reasonably good for the
magnitudes of the diffusion coefficients above about 90 K.
Table IX gives the high-temperature Arrhenius parameters
calculated in the current work. The results are in very good

agreement with the high-temperature experimental Arrhenius
results of George, DeSantolo, and Hall45 and Mullinset al.48

We next consider very low temperatures. Results at these
temperatures depend strongly on the temperature at which
the Arrhenius plot has its maximum curvature; this is called
the transition temperature.10 In previous work,10 we showed
that if a system can be qualitatively represented by a rigid
surface with a harmonic reactant well, and the effective
potential-energy barrier can be reasonably approximated by a
parabola, then the transition temperatureTtr can be estimated
by a simple function of the magnitude of the characteristic
imaginary frequency describing that parabola. Specifically,

Ttr>
hcu ȳ‡u
2pkB

, ~21!

where uȳ ‡u is the magnitude of the imaginary frequency in
wave numbers of an effective parabolic potential barrier. Fit-
ting theVa

G potential-energy barrier curve to a parabola on
the average froms'21.30 Å tos'1.30 Å yields an imagi-

TABLE X. Same as Table VIII, only for H on the Ni~111!
surface.

Quantity Experiment EAM5a EAM6

(A111)
E ~kcal/mol! 266.260.6b 262.42 263.72
z ~Å! 1.0521.25c 0.93 0.94
RH-Ni ~Å! 1.7821.90c 1.72 1.72
ȳ' ~cm21) 112121170d 1178 1075
ȳ i ~cm21) 955e 387 709

(‡111)
E ~kcal/mol! @26262 f# 261.60 261.53
z ~Å! 0.99 1.01
RH-Ni ~Å! 1.60 1.62
ȳ' ~cm21) 1281 1489
ȳ i ~cm21) 475 921

aReference 10.
bSee footnote g in Table IV. The value given is an average of values
calculated from the two experimental determinations ofDHT ,
which individually yield 266.260.3 ~Ref. 43! and 266.260.6
~Ref. 57! kcal/mol.
cReferences 50 and 52–54.
dReferences 11 and 51.
eReference 11.
fSee Sec. IV B for a discussion of the estimation of this quantity.

TABLE XI. Binding energyE and frequencies of hydrogenic
vibrations perpendicular to the surface plane (ȳ1) and parallel to the
surface plane (ȳ2 and ȳ3) for H adsorbed on the pseudothreefold
binding site of the Ni~110! surface calculated by EAM5 and EAM6
and compared to experiment.

Quantity Experiment EAM5e EAM6

E ~kcal/mol! 264.760.9b 263.1 264.7
ȳ 1 ~cm21) 1100c 1188 1053
ȳ 2 ~cm21) 870c 208 604
ȳ 3 ~cm21) 635c 316 599

aReference 10.
bBinding energy calculated from heat of adsorption (DHT) using
the method described in Ref. 10. Heats of adsorption were taken
from Refs. 43 and 66, and vibrational frequencies were taken from
Ref. 63. The value given is an average of values calculated from
the two experimental determinations ofDHT , which individually
yield 265.060.3 ~Ref. 43! and264.460.6 ~Ref. 66! kcal/mol.
cReference 63.

TABLE XII. Calculated values for the binding energies~kcal/mol! of H adsorbed at the A100, A111, andA110 sites by various theoretical
methods compared to experiment.

Method Reference E(A100) E(A111) E(A110)

~Experiment! Refs. 11, 42–44, 47, 51, 57, 63, and 66a 264.560.7 266.260.6 264.760.9
EAM6 current work 265.5 263.7 264.7
EAM5 Ref. 10 264.8 262.4 263.1
DFT with nonlocal corrections Mlynarski and Salahub~Ref. 73! 267.1 263.9 n.a.b

cluster model with bond preparationc Panaset al. ~Ref. 72! 260.363.0 261.764.5 n.a.
cluster model with bond preparationd Panaset al. ~Ref. 72! 261.6 257.2 n.a.
delocalized effective-medium theory Lee and DePristo~Ref. 71! 264.8 257.4 261.8
effective-medium theory No”rskov and co-workers~Refs. 69 and 70! 262 262 262
cluster model Upton and Goddard~Ref. 68! 270.1 263.4 n.a.
tight binding Fassaert and van der Avoird~Ref. 67! 251.7 249.4 n.a.

aSee footnotes a and g in Table IV and footnotes b in Tables VIII, X, and XI.
bn.a. denotes not available.
cAverage taken over all cluster sizes.
dLargest cluster size only.
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nary frequency with a magnitude of 287 cm21 ~as compared
to 305 cm21 computed fromd2VMEP/ds

2 at s50). Using
287i cm21 in Eq. ~21! yields a transition temperature of 66
K, in good agreement with the value obtained by visual ex-
amination of the Arrhenius plot of the full dynamics calcu-
lations in Fig. 8. As in previous work,10 the calculated tran-
sition temperature is lower than the experimental one.38,41

The different locations of the transition temperatures among
the various studies makes further comparison of the very-
low-temperature diffusion coefficients and Arrhenius results
~i.e., at and below the transition temperature! uninteresting,

but the results above the transition temperature are in very
good agreement with experiment45,48 and other theoretical59

results, as discussed above.
Although there is no experimental measurement for the

binding energy of a hydrogen atom at the saddle point on the
~100! surface~or for any saddle point!, values forE(‡100)
can be estimated from the activation energies obtained by
George, DeSantolo, and Hall45 and Mullinset al.48 because

TABLE XIII. Binding energiesE, hydrogen-nickel equilibrium nearest-neighbor distancesRH-Ni , hydro-
genic vibrational frequenciesȳ, Arrhenius activation energiesEa , and Arrhenius preexponential factors
D0 for absorbed H as calculated by EAM5 and EAM6 compared to experiment.

Quantity Temperature Experiment EAM5a EAM6

(OI) 0 K
E ~kcal/mol! 25362 b 255.21 254.40
RH-Ni ~Å! 1.82 1.82
ȳ ~cm21) 800–850c 858–860 857–859

(TeI) 0 K
E ~kcal/mol! 245.40 244.81
RH-Ni ~Å! 1.64 1.65
ȳ ~cm21) 916–922 1251–1256

(‡I) 0 K
E ~kcal/mol! 244.97 243.25
RH-Ni ~Å! 1.59 1.59
ȳ ~cm21) 1124, 1120, 310i 1387, 1385, 695i

(HI) 0 K
E ~kcal/mol! 241.61 238.59
RH-Ni ~Å! 1.49 1.49
ȳ ~cm21) 1720, 396i, 622i 1055, 278i, 526i

Arrhenius parameters for interior diffusion
Ea ~kcal/mol! 295–300 K 10.1 11.1

300–627 K 9.461 d 10.1 10.9
627–1650 K 9.761 d 10.0 10.2

D0 ~cm2/s! 295–300 K 1.3 (23) 1.3 (23)
300–627 K 4.8 (23) d 1.4 (23) 7.8 (24)
627–1650 K 6.9 (23) d 1.2 (23) 4.4 (24)

aReference 10.
bBinding energy calculated from heat of absorptionDHT using the method described in Ref. 10. Heats of
adsorption were taken from Refs. 75 and 76, and vibrational frequencies were taken from Ref. 77.
cReference 77.
dReference 74.

TABLE XIV. Binding energiesE ~kcal/mol!, and frequencies of
hydrogenic vibration,ȳ ~cm21), for theOS,111 and ‡Ab,111 subsur-
face sites, and classical and vibrationally adiabatic barrier heights
DVMEP and DVa

G ~kcal/mol! for H diffusing from the subsurface
octahedral site to the surfaceA111 minimum energy site.

Quantity OS,111 ‡Ab,111

E 255.39 249.53
ȳ 862, 862, 820 1266, 1265, 970i
DVMEP 5.86
DVa

G 6.12

TABLE XV. Arrhenius activation energiesEa ~kcal/mol! for H
moving from the subsurface octahedral site to the surfaceA111

minimum-energy site~deabsorption!, and for absorption fromA111

to the subsurface octahedral site. All results are calculated with the
CVT/SCT approximation.

T ~K! Deabsorption Absorption

40–100 0.47 7.54
100–120 1.59 9.85
120–200 2.60 10.99
200–300 4.35 12.97
295–300 4.85 13.58
300–500 5.06 13.93
500–1000 5.10 14.27
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these results are at a high enough temperature that the mea-
suredEa is well approximated by our calculatedDE0

‡ @i.e.,
Eq. ~7! is valid#. In particular, we note that Eq.~7! should be
most valid if the temperature is simultaneously high enough
that tunneling is negligible, and low enough that the assump-
tions of harmonic transition state theory do not break down.
The results of Lin and Gomer38 and by Leeet al.41 are re-
stricted to the very-low-temperature regime, where tunneling
cannot be neglected even approximately. ThusDE0

‡ is prob-
ably much better estimated from the higher-temperature ex-
periments of George, DeSantolo, and Hall45 and Mullins
et al.48 on ~100!. Using our saddle-point frequency calcula-
tions with the results of Ref. 48 yields a classical barrier
height of 3.860.3 kcal/mol. Combining this with
E(A100)5264.560.7 kcal/mol ~see Table VIII! yields a
value of260.761.0 kcal/mol forE(‡100). A similar treat-

ment using the results of Mullinset al. yields a classical
barrier height of 4.360.9 kcal/mol and thereforeE(‡100)
equal to260.261.6 kcal/mol. Combining the two estimates
gives 26062 kcal/mol, and Table VIII shows reasonable
agreement of theory and experiment.

B. H/Ni„111… binding sites and surface diffusion

The results for the~111! crystal face are given in Table X
and Fig. 8. Again we first consider results for the equilibrium
binding site. Table X shows thatȳ i for A111 shows a marked

FIG. 8. Diffusion coefficients of H on Ni~100! and H on Ni~111!
calculated in the current work compared to previous experimental
and theoretical work. Solid circles represent current work, squares
represent George, DeSantolo, and Hall~Ref. 45!, diamonds repre-
sent Mullinset al. ~Ref. 48!, triangles represent Mattsson and co-
workers~Ref. 59!, short dashes represent Lee and co-workers~Refs.
39 and 41!, and long dashes represent Lin and Gomer~Ref. 38!.

FIG. 9. Vibrationally adiabatic ground-state potential-energy
curve for interior diffusion from oneOI site to another. Quantized
reactant state energy levels are marked in the reactant octahedral
well whose minimum occurs ats522.7 Å.

FIG. 10. Logarithm to the base 10 of the Boltzmann-weighted
transmission probabilities, Eq.~23!, from each of the quantized re-
actants states shown in Fig. 9 at various temperatures. The dashed
vertical line atE563.67 kcal/mol is the vibrationally adiabatic
ground-state energy of the TeI site.

FIG. 11. Logarithm to the base 10 of coefficients for H interior
diffusion in Ni. The solid line represents SCT calculations, and the
dashed line represents SCTQ calculations. Arrhenius results pre-
sented in Table XIII are taken from SCT results. See the text for
discussion.
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improvement of EAM6 over EAM5, but the equilibrium
height above the surface plane is still too low.

Next we consider the surface diffusion process on~111!.
Fitting theVa

G curve froms'20.67 to 0.67 Å to a parabola
yields an imaginary frequency of 426i cm21 ~as compared
to 355i cm21 calculated fromd2VMEP/ds

2 at s50). Using
the effective value of 426i cm21 in Eq. ~21! yields a transi-
tion temperature of 98 K, in close agreement with the full
dynamics calculations given in the Arrhenius plot in Fig. 8,
for which the temperature of maximum curvature is 115 K.
Both calculated values are in excellent agreement with the
experimental results of 100~Ref. 38! and 125 K.39

The comparison to experiment for the~111! crystal face is
complicated because, unlike the experimental results ob-
tained for the~100! crystal face, those for the~111! face

exhibit a sizable nonmonotonic H-atom coverage depen-
dence. For example, the experiments of Leeet al.39 were
done at an approximate H-atom coverage of 0.3 ML. At this
coverage, Lin and Gomer38 measured an activation energy of
approximately 3.6 kcal/mol. However, the latter researchers
found that even over a relatively narrow range of H-atom
coverages on the~111! surface (u from 0.08 to 0.32 mono-
layer!, the activation energy varied~somewhat erratically!
between 2.660.3 and 3.960.3 kcal/mol, and showed a
marked downward trend as coverage decreased from 0.2 ML
to the lowest coverage examined, 0.08 ML. In contrast, re-
cent studies by Wong, Lee, and Zhu60 indicate an upward
trend in the activation energy as coverage is decreased from
0.30 to 0.05 ML. Further, Lin and Gomer38 also found erratic
behavior for the pre-exponential factors, which varied from
931025 to 431022 cm2/s for coverages from 0.08 to 0.32
ML.

Nevertheless, with these cautions we proceed to offer an
attempt to estimate an ‘‘experimental’’ value for the binding
energy of the saddle point on this surface,E(‡111), by using
the activation energies measured by Lin and Gomer38 and
Lee et al.39 and then applying the same treatment as used
above to calculateE(‡100). We immediately run into the
further difficulty that the experimental results for the~111!
surface are not at high enough temperature to validate Eq.
~7!, and therefore the estimation ofE(‡111) is not as straight-
forward as it is forE(‡100). Still, we will make an attempt to
estimateE(‡111) here, because it can provide us with some
insight into the accuracy of the~111! surface calculations of
EAM6. Specifically, given that our calculated activation en-
ergy appears to be low compared to the low-temperature ex-
perimental data, we can estimate to what extent our predicted
binding energy at the ‡111 site might be in error.

As noted above, Lin and Gomer38 measured activation
energies on the~111! surface of approximately 3.361.0
kcal/mol immediately above their transition temperature~for
the temperature range of approximately 100–120 K! for
H-atom coverages ranging from 0.8 to 0.32 ML. If we be-
lieve that our frequencies calculated for ‡111 are reasonably
accurate~which is a reasonable assumption since our calcu-
lated frequencies forA111 agree well with available experi-
mental frequencies!, and if Eq. ~7! were valid for 100 K
,T,120 K on the~111! surface~this assumption is most
likely inaccurate, as will be discussed shortly!, then we could
use our calculated frequencies and the activation energy of
Lin and Gomer to obtain a value of 3.261.0 kcal/mol for the
classical barrier height. Combining this with
E(A111)5266.260.6 kcal/mol~see Table X! would yield a
value of 63.061.6 kcal/mol forE(‡111). A similar treatment
with the results of Leeet al.30 would yield a value of 3.3
kcal/mol for the classical barrier height, and a value of
62.960.6 kcal/mol forE(‡111).

The above treatment is not reliable because most likely
DE0

‡ is not a good estimation ofEa for the low-temperature
ranges of the available experiments on the~111! surface be-
cause of the tunneling effect. We use the results for the~100!
surface to estimate the size of the effect. Since the results of
Lin and Gomer38 indicate a transition temperature of ap-
proximately 100 K on both the~100! and~111! surfaces, the
ratio of the rate constantsk100 andk111, measured at 120 K
~the highest measured temperature common to both surfaces

FIG. 12. Hopping rate constants of H for the absorption process
from theA111 site atop the Ni~111! surface to a subsurface octahe-
dral site below the Ni~111! surface (OS,111), and for the reverse
deabsorption process as calculated by the CVT/SCT method.

FIG. 13. Schematic diagram of the minimum-energy reaction
path of a H atom diffusing across a~111! surface, absorbing into the
surface, and diffusing in the interior. Region I represents the H
atom diffusing across the~111! surface, region II represents absorp-
tion from theA111 site to theOS,111 site beneath the surface, and
region III represents H diffusion in the interior. Energy ordinate is
with respect to a H atom infinitely far away from the Ni surface.
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in the experiment!, combined with the known high-
temperature activation energy on the~100! surface, can pro-
vide some insight into what a high-temperature activation
energy would be on the~111! surface. Specifically, we as-
sume

Ea~111, high T!5Ea~100, high T!1RT ln
K100~TC!

k111~TC!
~22!

whereTC is the highest temperature measured in common
for both the~100! and~111! surfaces~120 K for the work of
Lin and Gomer!, R is the gas constant,Ea ~111, highT) is
the high-temperature activation energy for the~111! surface,
and Ea ~100, highT) is the same quantity for the~100!
surface. Usingk100(TC) and k111(TC) from Ref. 38 and
Ea(100, highT) from Refs. 45 and 48 yields a value of
3.160.9 kcal/mol forEa(111, highT). Then, assuming Eq.
~7! is valid with this value ofEa , we estimate a classical
barrier height of 4.061.0 kcal/mol for~111! and a value of
262.261.6 kcal/mol forE(‡111). Because of the indirect
nature of this estimate, we increase the error estimate to
62 kcal/mol. These results, although tenuous, indicate that
the ‡111 site calculations of EAM6 are reasonably accurate,
but the energy calculated for theA111 site is too high. We
note that the apparent error in the binding energy atA111 is
smaller for EAM6 than for EAM5, but any attempt to correct
it further in the reparametrization of EAM6 resulted in un-
justifiable damage to other predictions of the PEF.

We conclude this section with a discussion of future pros-
pects for better characterizing the corrugation of the~111!
surface. The discussion above makes it clear that a higher-
temperature measurement ofD(T) would be especially help-
ful for this task. The field-emission fluctuation technique
used by Lin and Gomer is only able61 to measure diffusion
coefficients as fast as 1029 cm2/s, and their measurements
are already bordering that cutoff. It is unlikely, then, that this
technique could be used to measure the diffusion coefficients
at higher temperatures. The linear optical diffraction method
used by Zhu is expected62 to measure accurately diffusion
coefficients as fast as 1027 cm2/s, and it would be very
interesting to see higher-temperature results measured with
the latter method for both the~100! and ~111! surfaces. In
particular, it would be interesting to see optical diffraction
measurements ofD(T) for both the~100! and~111! surfaces
over the same temperature range as studied by George,
DeSantolo, and Hall and Mullinset al. on ~100!.

C. H/Ni„110… binding sites

The previous sections have shown that the EAM6 poten-
tial function accurately reproduces many experimental quan-
tities relating to H on Ni~100! and Ni~111!. Next, as a test of
the universality of this PEF, we also examine a minimum-
energy site on the Ni~110! surface. Unlike the~100! and
~111! surfaces, the Ni~110! surface is known to reconstruct at
high-H-atom coverages.63–65But at H-atom coverages below
1 ML, the surface is believed to remain unreconstructed.63–65

At these low coverages, the H atom is proposed63–65 to oc-
cupy theA110 site described in Sec. II A~see Fig. 3!. There
are three nondegenerate hydrogen vibrations at this site. One
of them (ȳ1) is a vibration perpendicular to the surface

plane; another (ȳ2) is a vibration parallel to the Ni~110! sur-
face plane, polarized parallel to the Ni atomic rows~see Fig.
3!; and the last (ȳ3) is a vibration parallel to the Ni~110!
surface, polarized perpendicular to the Ni atomic rows.63

Table XI gives the energetics and frequencies at this site
calculated by EAM6 and compares them to experiment43,63,66

and to those calculated by EAM5.10 We note that the results
calculated by EAM6 are in much better agreement with ex-
periment than are those calculated by EAM5. Theȳ2 parallel
vibrational frequency is still low, but the error has been re-
duced by 60% as compared to EAM5. The overall agreement
of the EAM6 predictions with experiment for the~110! crys-
tal face is very encouraging, particularly because the~110!
experimental results were not used in the fitting procedure.
This agreement gives us additional confidence that EAM6 is
a valid PEF for H interaction with Ni in a variety of envi-
ronments.

D. Comparison of H/Ni„100…, H/Ni„100…, and H/Ni„111…

An interesting situation that deserves further discussion is
the status of theoretical predictions of the relative binding
energies of theA100, A111, andA110 sites. The experimental
binding energy of H adsorbed at theA111 site is lower than
that of H adsorbed at theA100 site; however, our potential
function yields a lower binding energy for H adsorbed at
A100. Although the discrepancy with experiment has been
lessened compared to EAM5, it is not removed. Attempts to
improve the agreement of EAM6 with experiment further in
this respect resulted in worse accuracy for other features of
the potential function, such as barrier heights and frequen-
cies, which are more important than absolute binding ener-
gies for dynamics calculations. Interestingly, we note that a
wide variety of other theoretical methods have predicted the
relative energies of these sites to be in the same order as
predicted by our calculations; this is illustrated in Table XII.
The experimental error bars in this table are based on the
experimentalists’ stated error bars on heats of adsorption and
frequencies as well as the finite temperature range involved
in the experiments. Possible systematic errors due to extrapo-
lation to zero coverage and to surface defects are not in-
cluded. Individual theoretical studies that calculate binding
energies of both theA100 andA111 sites of H on Ni include
the tight-binding extended Huckel calculations of Fassaert
and van der Avoird,67 the cluster modelab initio configura-
tion interaction calculations of Upton and Goddard,68 the ef-
fective medium theory calculations of No”rskov and
co-workers,69,70the delocalized effective-medium theory cal-
culations of Lee and DePristo,71 the cluster-model calcula-
tions with bond preparation enhancements by Panaset al.,72

and the density-functional treatments with nonlocal correc-
tions of Mlynarski and Salahub.73 Of these studies, only
one72 found a lower energy of H at theA111 site than at the
A100 site, but in that case the stated uncertainty exceeds the
energy difference between the faces. Table XII also includes
results for~110! where these are available. We conclude that
the relative binding energies on the various crystal faces are
very difficult to explain theoretically.

E. H/Ni interior absorption sites and diffusion

For H in the interior, we again consider the equilibrium
binding sites first. There is no experimental data forTeI , but
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for OI there are experimental values for the binding energy
and for the triply degenerate frequency of the hydrogen vi-
bration. The comparison of theory and experiment74–77 is
given in Table XIII. Agreement is acceptable. We note from
Tables VIII–XIII that although EAM6 is a very significant
improvement over EAM5 for the H/Ni interaction, and even
though most of the corrections made to the PEF were local-
ized corrections affecting only the~111! crystal face, there
are certain characteristics of the interior and~100! systems
which are calculatedslightly more accurately with EAM5
than with EAM6. This is because EAM5 was parametrized
primarily with quantities involving the~100! crystal face,
and the H-Ni nearest-neighbor distances are almost identical
for A100 andOI as well as for ‡100 and ‡I . However, EAM5
was very inaccurate for the~111! crystal face. Certainly, if
we were to limit the reparametrization to quantities pertain-
ing to the~111! crystal face, or even any one particular ad-
sorption or absorption site, we could develop a PEF that
reproduces such specific results better than EAM6 does; but
it may not be a good PEF for general H/Ni interaction. The
goal of this work was to create a PEF that predicts as many
aspects of the H/Ni system~surface and interior! as accu-
rately as possible in order to be able to apply it generally to
H-Ni interactions. Although this meant allowing some of the
quantities which were calculated very accurately by EAM5
for the ~100! surface to deviate slightly more from the ex-
perimentally observed values with EAM6, the final values of
the parameters were chosen to provide the best overall agree-
ment with all quantities defining the H/Ni system.

The interior diffusion process is complex. Experimental
measurements74 of this process correspond to a H atom dif-
fusing between two adjacent octahedral vacancies. Figure 4
shows that there are two distinct paths between twoOI sites.
The first path, described in Sec. II, involves the H atom
passing through aTeI site en route to the destinationOI site.
It can be written as

H~OI !→H~‡I !→H~TeI !→H~‡I !→H~OI ! ~process I!.

The second path is through the second-order saddle point
HI , directly joining the twoOI sites. This process can be
written as

H~OI !→H~HI !→ H~OI ! ~process II!.

Process~II ! is energetically less favorable because the energy
of the second-order saddle point is 4.72 kcal/mol higher than
the energy of ‡I , and the calculated rate constant for this
process is negligible compared to the rate constant of process
~I! at all temperatures studied. As a result, process~I! pro-
vides the dominant reaction path for interior diffusion. The
vibrationally adiabatic ground-state potential-energy curve
@see Eq.~3!# for process~I! is shown in Fig. 9. The zero of
energy for the ordinate is the classical energy~i.e., neglecting
zero-point energy! of a lattice with 52 interior Ni atoms re-
laxed and the H atom infinitely far away.

Next, we consider the mechanism for process~I!. If the
lifetime of H at theTeI site were long enough for the H atom
to become thermalized there, then we would have to consider
two individual kinetic steps in process~I!, namely
H(OI)→H(‡I)→H(TeI) and H~TeI)→H(‡I)→H(OI).
However, the local minimum atTeI is not very deep, and so

we treat process~I! as a single kinetic step with a double-
maximum barrier rather than as two kinetic steps. In fact,
sinceVMEP(s) at ‡I is only 1.56 kcal/mol higher than that at
TeI , but 11.15 kcal/mol higher than that atOI , there are
appreciable tunneling contributions from energies below the
vibrationally adiabatic energy level of H at the TeI site.

We ran the tunneling calculations using both the SCTQ
approximation and the SCT approximation. At most tem-
peratures, the two sets of results were similar. When the
system begins to settle into the ground state at very low
temperatures, the two sets of results, as expected, begin to
separate from one another, with the SCTQ results leveling
off more rapidly. But this does not occur until below 40 K,
which is well below the temperature range studied by experi-
ment. The energy levels of the 22 quantized reactant states in
the octahedral well are shown on theVa

G curve in Fig. 9.
Note that only the highest energy levelE21 is above
Va
G@s5sR(TeI)#. The effect of tunneling from the bound en-

ergy levels at a given temperature can be quantified by cal-
culating the Boltzmann distribution of the ground-state trans-
mission probabilities at all energy levelsEn . Figure 10 plots
the quantity

log10FPG~En!expS 2En

kBT
D G ~23!

for a series of temperatures wherePG(En) is the ground-
state transmission probability at energyEn . The vertical dot-
ted line at 63.67 kcal/mol isVa

G@s5sR(TeI)# ~see Fig. 7!.
We note that at all temperatures, the tunneling probability
sharply increases for the energy level above
Va
G@s5sR(TeI)#. This is because above this energy, the sys-

tem is tunneling through two thin barriers instead of one very
wide one. Tunneling at energy levels belowVa

G

@s5sR(TeI)# is not negligible, and it becomes increasingly
important at lower temperatures; however, our calculations
show that the highest quantized energy levelE21 contributes
more to the tunneling rate constant than any other level for
all temperatures above 50 K. However, since the quantized
reactant state method only gives an approximation of the
energy levels, and since there are a large number of very
closely spaced energy levels in the reactantOI well, we
probably obtain a more robust calculation if the reaction co-
ordinate is not quantized for calculations within the experi-
mentally measured range. Figure 11 is a plot of the coeffi-
cients for interior H diffusion calculated at the SCT and
SCTQ levels. The Arrhenius results given in Table XII are
taken from the SCT level calculations.

F. H/Ni„111… absorption and deabsorption processes

Having obtained a PEF that we believe to be accurate for
H interaction with Ni in a variety of environments, in this
section we apply it to the important problems of absorption
and deabsorption. Specifically, if the formation of methane
from methyl radical indeed proceeds by the mechanism pro-
posed by Marynardet al.11 ~see Sec. I!, then an important
part of this reaction is the process of a H atom moving from
a subsurface site below the~111! surface to theA111
minimum-energy site where the methyl radical rests. This
process is also of significant fundamental interest in its own
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right. Using our general PEF, we can examine this process
directly. The process of hydrogen passing from the first sub-
surface layer to the surface is called deabsorption~not to be
confused with desorption from the surface, which would be
deadsorption! because it is the reverse of absorption.

Recall from Sec. II A that there are two distinct threefold
minimum-energy sites on the~111! surface, and they are
distinguished by the presence or absence of a Ni atom im-
mediately below the site in the second atomic layer. While
there is virtually no difference in the energies and vibrational
frequencies of the H atoms adsorbed at these two sites, the
distinction does become important for deabsorption and for
determining at which site the hydrogenation of a methyl radi-
cal is most likely to occur. Given that the methyl radical rests
in the threefold hollowA111 surface site, and given that the H
atom prefers the octahedral vacancy to the tetrahedral va-
cancy~which we found to be true for the immediate subsur-
face interstitial sites as well as the higher symmetry deep
interior sites!, then there are two possible H-atom deabsorp-
tion pathways from subsurface to surface, namely

H~OS,111!→H~‡S,111!→H~TeS,111!→H~‡Ab,111!→H~A111!

~process III!.

and

H~OS,111!→H~‡Ab,111!→H~A111! ~process IV!.

Notice that both processes are like interior diffusion pro-
cesses that have been modified by truncating the solid at the
~111! surface. If the lattice were not terminated by the~111!
surface, theA111 site in process~III ! would be anOI site, and
the one in process~IV ! would be aTeI site. The only differ-
ence between these two pathways is that process~III ! passes
through high-energy ‡S,111 andTeI ,111 sites before reaching
the surface. This makes process~III ! less important than pro-
cess ~IV !, and therefore we examine process~IV ! in this
work. Examining process~IV ! also allows us to be consistent
with the work of Yang, Whitten, and Markunas,78 who stud-
ied the effects of subsurface H on surface-adsorbed CH3. In
their studies, the CH3 is adsorbed on the tetrahedral ex-
tendedA111 site, and the subsurface H atom is absorbed in
theOS,111 site.

Table XIV gives the binding energies and frequencies of
the two subsurface sites in process~IV !, as well as barrier
heights for the diffusion process. Table XV gives Arrhenius
activation energies for various temperature ranges of the for-
ward ~absorption! and reverse~subsurface-to-surface deab-
sorption! processes. Figure 12 is an Arrhenius plot of the rate
constants for both directions. As with the results calculated
for interior diffusion, all absorption and deabsorption results
presented in Table XV and in Fig. 12 were calculated with
the CVT/SCT approximation. We find that the rate constant
of deabsorption process~IV ! exceeds the interior diffusion
rate constant of process~I! by factors of 4.33107,
2.23104, and 6.63102 at 200, 300, and 400 K, respectively.
These results should be of use for future models of the Ni-
catalyzed methane formation.

V. SUMMARY

We have presented an improved EAM potential-energy
surface, called EAM6, which yields realistic values for most

features of H interaction with Ni~100!, Ni~111!, and Ni~110!,
and for H diffusion in Ni. The potential function is especially
designed to provide useful accuracy for diffusion barriers,
vibrational frequencies, interatomic distances, and reaction
dynamics. The parametrization of EAM6 was accomplished
in three steps. First, we assumed the previous form of the
effective nuclear charge on Ni, ZNi(Raa8), and we adjusted
the Ni embedding functionF Ni( r̄a) to agree with interior
properties of Ni~with no H atom present! using the universal
energy function of Roseet al.30 Second, we assumed addi-
tional functional forms for the effective nuclear charge on H,
ZH(Raa8), and the H embedding function
FH( r̄a ,r̂a

(1) ,r̂a
(2)), so as to minimize as much as possible the

deviation of several H-atom surface energetic quantities from
their experimental and calculated values. Third, we added
nonlocal density effects to the H embedding function to more
clearly distinguish the surface stationary points, and we ad-
justed this function to further minimize the deviation from
experiment. Although the PEF accurately reproduces most
experimental quantities describing an H atom interacting
with the ~100! and~110! crystal faces of Ni as well as those
describing an H atom absorbed in interior Ni, for~111! it
apparently predicts too small a binding energy at the three-
fold site.

An interesting conclusion drawn from the parametrization
effort is that lattice relaxation is much more important for
understanding the energetics and dynamics at subsurface and
interior sites than it is for understanding them at surface
sites. For example, hydrogenic frequencies at interior saddle
points decrease by factors of nearly 2 upon coupling of hy-
drogenic motions to the metallic lattice motions, and the vi-
brationally adiabatic barrier height decreases by over 14
kcal/mol. Nevertheless we were able to obtain good conver-
gence by the embedded cluster approach with 10–20 mov-
able atoms.

The results obtained for the Ni~111! crystal face, subsur-
face, and interior Ni in the present study are summarized in
Fig. 13. For this figure, region I represents the diffusion of
the H atom along the~111! surface. Region II represents the
absorption of the H atom into the metal to a subsurface oc-
tahedral site. Region III represents interior diffusion far be-
neath the surface. The curves represent the classical potential
energy of the reaction path.

Since the results presented in this paper are all in reason-
able agreement with experiment, and since the potential
functions are smooth and well behaved between low-density
surface-sensitive regions and high-density interior-sensitive
regions, EAM6 should be useful for a broad range of mod-
eling applications involving systems in intermediate sur-
rounding atomic densities. As an example, we have predicted
rate constants for passage of H atoms from the Ni~111! sur-
face to the layer below the surface and for the reverse pro-
cess.
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49A.-S. Mårtensson, C. Nyberg, and S. Andersson, Surf. Sci.205,

12 ~1988!.
50K. Christmann, R. J. Behm, G. Ertl, M. A. Van Hove, and W. H.

Weinberg, J. Chem. Phys.70, 4168~1979!.
51W. Ho, N. J. DiNardo, and E. W. Plummer, J. Vac. Sci. Technol.

17, 134 ~1980!.
52R. R. Cavanagh, R. D. Kelley, and J. J. Rush, J. Chem. Phys.77,

1540 ~1982!.
53K. Mortensen, F. Besenbacher, I. Stensgaard, and J. R. Wampler,

Surf. Sci.205, 433 ~1988!.
54G. Gross and K. H. Rieder, Surf. Sci.241, 33 ~1991!.
55T. H. Upton and W. A. Goddard, Phys. Rev. Lett.42, 472~1979!.
56H. Yang and J. L. Whitten, J. Chem. Phys.98, 5039~1993!.
57J. Lapujoulade and K. S. Neil, J. Chem. Phys.57, 3535~1972!.
58D.-h. Lu, T. N. Truong, V. S. Melissas, G. L. Lynch, Y.-P. Liu,

B. C. Garrett, R. Steckler, A. D. Isaacson, S. N. Rai, G. C.
Hancock, J. G. Lauderdale, T. Joseph, and D. G. Truhlar, Com-
put. Phys. Commun.71, 235 ~1992!; R. Steckler, W.-P. Hu,
Y.-P. Liu, G. C. Lynch, B. C. Garrett, A. D. Isaacson, D.-h. Lu,
V. S. Melissas, T. N. Truong, S. N. Rai, G. C. Hancock, J. G.
Lauderdale, T. Joseph, and D. G. Truhlar, QCPE Bull.15, 40
~1995!.

59T. R. Mattsson, U. Engberg, and G. Wahnstro¨m, Phys. Rev. Lett.
71, 2615~1993!; T. R. Mattsson and G. Wahnstro¨m, Phys. Rev.
B 51, 1885~1995!.

60A. Wong, A. Lee, and X. D. Zhu, Phys. Rev. B51, 4418~1995!.

11 240 53STEVEN E. WONCHOBA AND DONALD G. TRUHLAR



61R. Gomer, Rep. Prog. Phys.53, 917 ~1990!.
62X. D. Zhu, Mod. Phys. Lett. B6, 1217~1992!.
63B. Voigtlan̈der, S. Lehwald, and H. Ibach, Surf. Sci.208, 113

~1989!.
64C. D. Roux, H. Bu, and J. W. Rabalais, Surf. Sci.259, 253

~1991!.
65H. Bu, C. D. Roux, and J. W. Rabalais, Surf. Sci.271, 68 ~1992!.
66J. Lapujoulade and K. S. Neil, J. Chim. Phys.70, 798 ~1973!.
67D. J. M. Fassaert and A. van der Avoird, Surf. Sci.55, 291

~1976!; 55, 313 ~1976!.
68T. H. Upton and W. A. Goddard III, CRC Crit. Rev. Solid State

Mater. Sci.10, 261 ~1981!.
69J. K. No”rskov, Phys. Rev. Lett.48, 1620~1982!.

70P. Nordlander, S. Holloway, and J. K. No”rskov, Surf. Sci.136, 59
~1984!.

71C.-Y. Lee and A. E. DePristo, J. Chem. Phys.85, 4161~1986!.
72I. Panas, J. Schu¨le, P. Siegbahn, and U. Wahlgren, Chem. Phys.

Lett. 149, 265 ~1988!.
73P. Mlynarski and D. R. Salahub, J. Chem. Phys.95, 6050~1991!.
74Hydrogen in Metals, edited by G. Alefeld and J. Vo¨lkl ~Springer-

Verlag, Berlin, 1978!, Vols. I and II.
75S. W. Stafford and R. B. McLellan, Acta Metall.22, 1463~1974!.
76R. B. McLellan and W. A. Oates, Acta Metall.21, 181 ~1973!.
77A. D. Johnson, K. J. Maynard, S. P. Daley, Q. Y. Yang, and S. T.

Ceyer, Phys. Rev. Lett.67, 927 ~1991!.
78H. Yang, J. L. Whitten, and R. J. Markanus, Surf. Sci. Rep.75, 12

~1994!.

53 11 241GENERAL POTENTIAL-ENERGY FUNCTION FOR H/Ni AND . . .


