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The intricate dynamics of hydrogen on a nickel~111! surface is investigated. The purpose is to understand
the unique recombination reaction of subsurface with surface hydrogen on the nickel host. The analysis is
based on the embedded diatomics in molecules many-body potential surface. This potential enables a consis-
tent evaluation of different hydrogen pathways in the nickel host. It is found that the pathway to subsurface-
surface hydrogen recombination involves crossing a potential-energy barrier. Due to the light mass of the
hydrogen the primary reaction route at low temperature occurs via tunneling. A critical evaluation of tunneling
dynamics in a many-body environment has been carried out, based on a fully quantum description. The
activated transport of subsurface hydrogen to a surface site, the resurfacing event, has been studied in detail. It
is shown that the tunneling dynamics is dominated by correlated motion of the hydrogen and the nickel hosts.
A fully correlated quantum-dynamical description in a multimode environment was constructed and employed.
The ‘‘surrogate Hamiltonian method’’ represents the nickel host effect on the hydrogen dynamics as that of a
set of two-level systems. The spectral density, which is the input of the theory is obtained via classical
molecular-dynamics simulations. The analysis then shows that the environment can both promote and hinder
the tunneling rate by orders of magnitude. Specifically for hydrogen in the nickel host, the net effect is
suppression of tunneling compared to a frozen lattice approximation. The added effect of nonadiabatic inter-
actions with the electron-hole pairs on the hydrogen tunneling rate was studied by an appropriate ‘‘surrogate
Hamiltonian’’ with the result of a small suppression depending on the electron density of nickel. The resur-
facing rates together with surface recombination rates and relaxation rates were incorporated in a kinetic model
describing thermal-desorption spectra. Conditions for a thermal-programmed-desorption peak which manifest
the subsurface-surface hydrogen recombination were found.@S0163-1829~97!09216-3#
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I. INTRODUCTION

Hydrogen has a strong affinity for nickel, leading to t
use of nickel as a heterogeneous catalyst for hydrogena
reactions. When a hydrogen molecule approaches the n
surface it readily dissociates and adsorbs.1 When atomic hy-
drogen approaches the surface it primarily adsorbs on
surfaces, but a minority is absorbed into the crystal bulk2,3

Once adsorbed or absorbed, the hydrogen may wander o
crystal surface4–6 or plunge into the bulk. This motion in
volves crossing potential-energy barriers which separate
various interstitial and adsorption sites. Thus hydrogen m
tion in nickel involves activated transport which, at low tem
peratures, is controlled predominantly by tunneling.7,8

When a cold nickel crystal containing hydrogen is heat
molecular hydrogen is ejected into the gas phase.2,3,9,10For
nickel crystals which have been exposed to molecular hyd
gen, recombinative desorption takes place at high temp
tures, peaking at 350 K. However, for crystals which ha
been exposed to atomic hydrogen, a recombination is
served at lower temperatures of 180–200 K, in addition
the peak at 350 K. These findings suggest that lo
temperature desorption is due to a recombination of sub
face and surface atomic hydrogen species.
550163-1829/97/55~16!/10952~23!/$10.00
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The present study was initially aimed at elucidating t
dynamics involved in surface-subsurface hydrogen recom
nation, and to seek theoretical support for this special hyd
genation mechanism.10 It was soon appreciated that unrave
ing the reaction mechanism would require a compl
assessment of a variety of hydrogen dynamical processe
the nickel host. The light mass of hydrogen emphasi
quantum effects. The dominant phenomenon is tunneling
gain insight into the process, a critical evaluation of theor
ical approaches to many-body tunneling phenomena is
quired. The failure of simple approximations has led to t
development of theoretical tools for the assessment of
neling in dissipative environments. The odyssey of t
present study finally returned to the original problem
subsurface-surface recombination, indicating the conditi
which enable the existence of such a process.

Previous theoretical efforts for hydrogen on nickel ha
focused primarily on determining the adsorption probab
ties on a frozen crystal.11,12 Theoretical treatments of othe
hydrogen-metal interactions have also concentrated on
sorption, the assumption being that detailed balance can
plain the experimental desorption results.13–16This approach
can, in principle, yield desorption-product state distributio
when the multimode character of the metal host is
10 952 © 1997 The American Physical Society
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55 10 953HYDROGEN TRANSPORT IN NICKEL~111!
coupled to the reaction transition state. This is probably
case for the H2/Cu system.17,18However, for recombination
of a subsurface hydrogen with a surface hydrogen, the r
tion transition state is strongly influenced by the motion
the metal atoms, and detailed balance considerations ca
yield a simple description.

Most of the theoretical effort has been devoted
H2/Cu adsorption, which has become the benchmark sys
for activated gas-surface dynamics. Detailed and accu
adsorption/desorption experiments, performed by Rett
Michelsen, and Auerbach19,20for H2/Cu, have stimulated ex
tensive theoretical work.21,22A few of the experimental fea
tures are understood, among them vibrational-assisted s
ing and rotational effects. These studies show that
dynamics of adsorption, even with a few degrees of freed
is complex, where steering effects and barrier locations h
a strong impact on the dynamical behavior.

The benchmark system for nonactivated adsorption is
hydrogen/Pd system, for which adsorption probabilities w
calculated by Gross23 for the six degrees of freedom of th
two hydrogen atoms. This work showed that surface co
gation has a role in determining adsorption probabilities. D
sorption state distributions were calculated by Gross for
experimental temperature.

One of the important conclusions from the various the
retical investigations is that reduced dimensionality tre
ments predict higher probabilities compared to those of
dimensionality, for example, the resurfacing of bulk hydr
gen defined as the transport from a subsurface to a sur
site.8 In this case the reaction-path one-dimensional~1D!
rates differed by two orders of magnitude from the full 3
rates. This is due to the extreme sensitivity of the tunnel
process to any feature of the system. A similar discrepan
between 2D and 3D results, is observed for Pd surface p
etration by atomic hydrogen.24 Sticking probabilities also ex
hibit a large sensitivity to reduced dimensionality.22

The system under study is the low-temperature dynam
of hydrogen within the metal bulk and on its surface. T
difficulty in setting up a dynamical framework for the in
volved processes stems from the combination of the ma
body aspect of the interactions, and from the quantum na
of hydrogen dynamics at low temperatures. Though dir
calculations of up to six dimensions are possible,23 they are
not sufficient to capture the role of other degrees of freed
in the system. Two types of many-body effects need to
addressed: First, the interaction of an adsorbate with the p
non modes of the crystal motion, and second, the nona
batic interaction with the conduction electrons of the met

Vibrational line shapes of adsorbed hydrogen, originat
from nonadiabatic interactions, have been investigated
Persson and Hellsing.25,26 For heavier molecular specie
such as CO on Cu, the nonadiabatic and phononic line bro
enings were addressed by Head-Gordon and Tully,27,28using
molecular-orbital theory and classical dynamics.

Hydrogen diffusion on metals influenced by many-bo
forces has been studied by the canonical variatio
transition-state theory with small curvature tunneli
correction.29,7,30 These approaches are reasonably adeq
for overbarrier diffusion. For low temperatures the quality
the approximation depends on the validity of the neglec
nonadiabatic curvature couplings. The present work deve
e
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an approach to the problem of diffusion in metals. One of
benefits is that it is fully quantum mechanical. The appro
mations used by this method are different than those use
the small curvature reaction path methods.31

Explicit multimode bath dynamics is also treated usi
path-integral approaches.32 Recently, direct real-time path
integral approaches33,34have been developed, but these ha
not yet been used for analyzing atomic diffusion on meta
Path centroid transition state methods35–37 supplemented by
molecular-dynamics simulations38–42 were recently used for
assessing the low-temperature diffusion rates of atomic
drogen on nickel. Such indirect schemes are complemen
to the direct propagation method employed here. For dif
sion in a perfectly periodic environment a direct band mot
analysis has been employed.43–45However, for the tempera
tures addressed here, such a treatment is inadequate, d
the destruction of coherent tunneling caused by crystal vib
tions and nonadiabatic interactions.46,47

Energy loss to phonons in gas-surface scattering, and
assistance to sticking, has also received much attention. M
studies have employed classical dynamics,48,49which is suit-
able for heavier elements than hydrogen.50,51Some semiclas-
sical methods52,53 and quantum-classical treatments54–56

have also been used. A pure quantal calculation for inela
energy transfer and sticking probabilities was developed
Stiles, Wilkins, and Persson57 and Jackson.58 The approach is
based on a one-phonon model, suited for direct, short-t
interactions, where the simultaneous excitation of seve
phonon modes may be neglected.

The tour through the different approaches to hydrog
metal encounters eventually has to return to the origi
problem. The unique subsurface-surface reaction mechan
amounts to a direct encounter between bulk hydrogen
surface hydrogen atoms steered by the nickel atoms. It se
that only such a mechanism is able to explain the low te
perature peak in the thermal-programmed-absorption~TPD!
experiments. A dynamical model able to explain these res
has to include explicitly dynamics lattice.

The rate-limiting step in such a model is the transport
the subsurface hydrogen to the metal surface which will
termed resurfacing. It is known from experiment that hyd
gen contained in a cold metal resurfaces on a time scal
hours.59 This is in contrast to the resurfacing time calculat
by using a frozen lattice which employed the embedded a
potential60 ~EAM!, found to be of the order of seconds.8 The
discrepancy between the experiment and the calculation
2–3 orders of magnitude suggest that either the barrier st
ture predicted by the EAM is wrong, or that resurfacing ra
are highly affected by either nonadiabatic effects or the cr
tal motion or by both. As will be shown in this study, th
dissipative forces indeed are strong enough to explain
discrepancy.

The most obvious role of the phonon motion is its infl
ence on the barrier height and width. The motion enhan
the tunneling, and is known as phonon-assisted diffus
Such an effect can naturally be taken into account by a s
den approximation, exploiting the nickel-hydrogen lar
mass ratio. It will be shown that the simplest approach
adiabatic separation leads to gross errors in estimating
tunneling rates.

The phonon motion can also induce a loss of cohere
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10 954 55ROI BAER, YEHUDA ZEIRI, AND RONNIE KOSLOFF
which acts to deplete the tunneling rates.32 The relative im-
portance of phonon assistance and hindrance must be a
tained quantitatively. In this study the surrogate Hamilton
method is used to treat the many-body effects,61 see Appen-
dix A for a short description. Approximately three differe
‘‘phonon baths’’ are necessary to define the interaction w
the resurfacing hydrogen atom. The combined effect of th
baths reduces the tunneling rate by as much as two orde
magnitude.

The surrogate Hamiltonian is also employed to study
non-adiabatic electron-hole pair excitations. For this spec
system the reduction of the tunneling rate is small.

The final process analyzed separately is the recombina
of two hydrogen atoms leading to H2 desorption. Only a
limited study is possible due to the high dimensionality
the process. The temperature dependence of the tunn
rates shows a universal character where, at low tempera
the rate is temperature independent, and where, abo
crossover temperature, it changes to an Ahrenius relatio

Finally all these processes are combined in a kine
model simulating the temperature program desorption
periments. Qualitative conditions where the subsurface
drogen recombines with a surface hydrogen at lower te
perature than two surface hydrogen can be found.

II. POTENTIAL ENERGY OF THE H/NI „111… SYSTEM

In the intricate dynamics of hydrogen with a nickel cry
tal, the potential-energy surface plays a key role. T
potential-energy surface is the basic entity from which
forces are derived in a molecular-dynamics~MD! simulation.
It also governs the wave-function dynamics in a quant
calculation. The main difficulty for the MD simulation tas
is the large number of participating atoms which require
calculation of the forces for all atoms. This means that co
putations of large systems are possible only if the evalua
of the potential-energy surface~PES! is simple and eco-
nomic.

Over a decade ago, Daw and Baskes60 proposed an ap
proach, the EAM, for calculating the PES of hydrogen int
acting with transition metal surfaces~i.e., Ni and Pd!. The
EAM is a semiempirical method based on the dens
functional theory.62 In the EAM, the total energy of the sys
tem is described by

E5(
i
Fi„r~h,i !…1

1

2 (
iÞ j

f i j „R~ i , j !…, ~2.1!

whereFi„r(h,i )… is the embedding function of atomi in the
electron density of the neighboring atomsr(h,i ), andf i , j is
a pairwise electrostatic repulsion term which is cast into
analytic function characterized by a number of paramet
These parameters, together with the embedding functi
are determined semiempirically by requiring that charac
istics of the solid-hydrogen system be reproduced by
EAM potential. The quantities used are lattice constant, e
tic constants, sublimation energy, vacancy formation ene
and the energy difference between the bcc and fcc pha
The EAM results in a very close agreement between
calculated and experimental values for H/Ni and H/Pd s
tems. In addition to its accuracy, the EAM is especia
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suited for MD simulations since calculation of the forc
requires only a small additional effort to the calculation
the potential.

More recently, Truong, Truhlar, and Garrett63 developed a
similar approach termed ‘‘embedded diatomics in m
ecules’’ ~EDIM!. The approach was used for the investig
tion of single, two, and three hydrogen atoms interact
with a nickel surface. The agreement between these calc
tions and other theoretical as well as experimental stud
was very satisfactory. For a single hydrogen interacting w
the metal surface, the EDIM is similar to the EAM. There a
a number of differences related to the functional form of t
electrostatic repulsion terms. Moreover, in the EDIM a
proach there is a distinction between the screening const
used in the calculation of electron orbitals located on surf
and bulk atoms. For a larger number of hydrogen ato
PES’s are calculated by the diatomics in molecule formali
where the H-surface ground and excited potential are ca
lated by using an EAM-type procedure~as for a single H
atom!.

In the present study, the EDIM approach was adopted
was used to evaluate the interaction potentials in all
classical- and quantum-mechanical studies described be
The parameters were adopted from Ref. 63. The poten
along a cut leading from the subsurface to surface site
compared to anab initio calculation based on a Gaussia
DFT method. The differences were less than 0.02 eV. T
potential is designed to give the correct asymptotic desc
tion of the H2 molecule. In the following two subsections
brief description of the the H/Ni~111! and H2/Ni~111!
potential-energy surfaces will be discussed.

A. PES for a single hydrogen atom near Ni„111…

The Ni~111! surface exhibits four high symmetry adsor
tion sites: on-top, bridge, and two threefold sites. The
threefold sites differ by the position of the second-lay
nickel atoms. The fcc threefold site has a nickel atom rig
below it, while the hcp threefold site~also termed threefold
hollow site! has a nickel atom only in the third layer~Fig. 1!.

The EAM and EDIM ~Refs. 60 and 63! calculations
showed, in agreement with experimental results, that
largest H/Ni~111! binding is obtained for the threefold ho
low ~hcp! site. The differences between the binding of t
hydrogen to this site and the other high-symmetry sites w
quite small~in the range of 0.03–0.3 kcal/mole!. Larger dif-
ferences were obtained for the vibrational frequencies a
ciated with these four adsorption sites.

The present study focuses on the dynamics associ
with the emergence of subsurface hydrogen onto the m
surface~a phenomenon termed ‘‘resurfacing’’!. A cut of the
PES of a hydrogen atom in a plane normal to the surface
along one of the parallel directions is shown in Fig. 2. He
the negative-Z values correspond to the subsurface positio
of the hydrogen atom. As can be seen in the figures, the m
stable subsurface site for hydrogen is 1 Å below the threefold
hollow site. The binding energy at this octahedral subsurf
site is approximately 0.5 eV smaller than at the threef
hollow site on the surface~see the inset in Fig. 2!. Thus the
subsurface sites are metastable potential-energy wells. W
the zero point energies are taken into account this differe
increases.
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55 10 955HYDROGEN TRANSPORT IN NICKEL~111!
There exist other subsurface~bulk! sites for the hydrogen
atom, the one below the threefold fcc surface site being
example. However, the octahedral subsurface site is the m
stable position for the H atom below the surface and in
bulk. This agrees well with the experimental data and w
other calculations.2,10,3

Inspection of the PES in Fig. 2 shows that the subsurf
hydrogen at the octahedral site can resurface by follow
two main paths. One is the direct pathway leading upwa

FIG. 1. The Ni~111! surface and the positions of the hydrog
atom. The surface hydrogen in the picture is located in a three
hollow ~hcp site!.
n
st
e
h

e
g
s

to the threefold hollow site, and the other is via a neighb
ing tetrahedral subsurface site, which finally surfaces at
threefold fcc site. Along the first route, the H atom has
overcome an energy barrier of approximately 0.6 eV. On
second path the energy barrier is approximately 1.6 eV. S
a large difference in barrier heights suggests that the o
practical way for the hydrogen to resurface is via the dir
route leading from the octahedral to the threefold hollo
site.

The thermal motion of the lattice atoms may result in
slight ‘‘opening’’ of the hexagonal structure, which temp
rarily lowers the energy barrier for the surfacing motio
This possibility is shown in Fig. 3, where a cut of the min
mal potential-energy path along the perpendicularZ direc-
tion is shown. When the surface Ni-atom triad are symme
cally displaced, increasing their mutual separation,
barrier for hydrogen surfacing is significantly reduced. No
that the stability of the metastable potential well is also
creased as a result of this motion. These energetical asp
of the lattice motion will be addressed in the sections c
cerning the hydrogen atom dynamics~see Secs. V and VI!.

B. PES of the interaction between two hydrogen atoms
and Ni„111…

The binding energy of two hydrogen atoms to two neig
boring threefold sites on the surface is approximately 2.6
per H atom. Hence, in the event of recombinative desorp
of two hydrogen atoms, 5.2 eV of energy has to be supp
to break the H-surface bonds, while only about 4.7 eV
gained in the creation of the H2 bond. As a result, the de
sorption process is endothermic by approximately 0.5 eV
cut in the six-dimensional PES describing a recombinat
desorption process of two surface hydrogen atoms is sh
in Fig. 4.

In Fig. 4 the PES as a function of the H-H separationr
and the H2 center-of-mass–surface-normal distanceZ are

ld
n

i-

s
ly
e
e
s
r-

t
l-
-
n-
FIG. 2. The EDIM-based po-
tential energy surface of hydroge
in nickel as a function of the dis-
tance from the metal surface (Z)
and parallel to the surface coord
nate (X). The low potential pas-
sageways intertwining among
high-potential-energy mountain
of the metal atom cores are clear
observed. The inset focuses on th
most stable subsurface site, th
threefold octahedral site, which i
metastable with respect to the su
face binding hcp and fcc binding
sites. The H atom tunnels from i
to the surface through a potentia
energy barrier. The potential dif
ference between two adjacent co
tour lines in the figure is 0.1 eV.
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10 956 55ROI BAER, YEHUDA ZEIRI, AND RONNIE KOSLOFF
shown. The endothermicity of the desorption process, as
as a potential barrier for adsorption of 0.17 eV along
reaction path, can be clearly seen. These two factors exp
the relatively high temperature~350 K! needed to desorb
hydrogen from a Ni~111! surface. It should be noted that th
Ni~111! surface is quite flat; hence the energy barriers as
ciated with surface diffusion between adjacent sites
small.

When subsurface hydrogen is present in the metal, th
arises another route for hydrogen recombination: a reac
among surface and subsurface hydrogen atoms. This p
bility was conjectured by Johnsonet al.2 after observing, in
the presence of subsurface hydrogen, a TPD peak at 18
This lowering of the desorption temperature can be
plained by the fact that subsurface hydrogen is less st
than surface hydrogen by about 0.6 eV~including the per-
pendicular mode zero-point energies!, thus reducing or
eliminating completely the endothermicity of the reactio
However, the reaction must be direct to prevent quench
by dissipative effects. Therefore, the two hydrogen ato
must be neighbors.

One case that deserves attention is the nearest neig
reaction, where the surface atom is situated in the three
hollow site directly above the subsurface hydrogen atom
cut of the potential-energy surface for this type of reaction
shown in Fig. 5. It is seen that this reaction is possible o

FIG. 3. Top: Views of the nickel atoms at their lattice poin
~right! and of an open nickel triangle~left!. Below: The correspond-
ing reaction path potentials for hydrogen. These paths have
adiabatically corrected for the perpendicular mode zero-point e
gies. The open configuration was obtained from a MD simulatio
90 K corresponding to the lowest barrier in a 10-ps simulat
period.
ll
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re
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by the crossing of a 1.2-eV potential barrier. This high b
rier is expected to yield a high recombination temperatu
and, therefore, this pathway can be discarded when con
ering the temperature decrease in the TPD peak due to
surface hydrogen.

The other possible reaction path of subsurface-surface
combination reaction involves a surface hydrogen atom
tially located in the nearest threefold fcc site. The energe
of this reaction are demonstrated by using a sequence of
cuts of the potential-energy surface, as shown in Fig. 6.

The PES cuts in Fig. 6 represent the variation of energy
a function of the H-H separation in a direction parallel to t
surface and the position of the subsurface hydrogen along
surface normalZ2. Negative values ofZ represent subsurfac
positions. Each of the four cuts corresponds to a differ
height of the surface H above the surface plane (Z150.7,
0.9, 1.1, and 1.7 Å!. These results clearly show that the r
action path is curved, with a desorption barrier of appro
mately 0.65 eV. As will be shown in the next sections, s
nificant tunneling rates of subsurface hydrogen can
achieved at the experimental desorption TPD temperatur

The relative magnitudes of the energy barriers for deso
tion along these two pathways suggest that the domin
route is the second one. Moreover, the occupation of
threefold hollow sites on the surface by adsorbed hydrog

en
r-
t
n

FIG. 4. A two-dimensional potential-energy surface conto
map for the recombination of two surface hydrogen atoms. T
nuclear separation between hydrogens isr ~Å!, and the center of
mass distance from the nickel surface isZ ~Å!. A flat orientational
angle of the H-H axis from the surface has been chosen. The do
adsorption well of the two hydrogen atoms is 5.2 eV deep. T
reaction path leads to the H2 molecular well 4.72 eV in depth
Transversing a sketchy reaction path, the system encounters a
potential barrier, and exhibits an overall desorption endothermic
This explains the high-temperature needed to desorb surface hy
gen in a TPD experiment (;350 K!. The potential difference be
tween adjacent contour lines is 0.2 eV.
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55 10 957HYDROGEN TRANSPORT IN NICKEL~111!
FIG. 5. A two-dimensional potential-energy surface conto
map of the recombination of a subsurface hydrogen~octahedral
site! with a surface hydrogen atom at a threefold hollow site. T
nuclear separation between hydrogens isr Å and the center of mas
distance from the nickel surface isZ Å. The H-H axis is perpen-
dicular to the surface in this cut. The potential difference betw
adjacent contour lines is 0.2 eV.
prevents the emergence of subsurface H through the oct
dral site onto the surface. Thus the surface hydrogen at
hcp sites serves as a cap to the resurfacing process. Fu
discussion of the dynamics associated with this desorp
process will be presented in subsequent sections.

III. MOLECULAR-DYNAMICS SIMULATIONS

Insight into the intricate dynamics of hydrogen in th
nickel crystal is gained by molecular-dynamics simulatio
However, the MD simulations cannot by themselves desc
the complete story of hydrogen resurfacing and recomb
tion. The phenomenon is a low-temperature one and, du
hydrogen tunneling, requires a quantum-description. Ye
quantum-mechanical calculation becomes prohibitively
pensive when the many-body aspect of the crystal mo
coupled to the quantum tunneling is considered. Therefor
combined strategy is used in which information gained fro
the classical MD simulation is incorporated into a reduc
dimensional quantum calculation, as will be described
Secs. V and VI. Tunneling rates are exponentially sensi
to the potential barrier height, which is determined by t
positions of the adjacent nickel atoms. Thus, for calculat
the resurfacing rates, it is essential to determine the distr
tion of barrier heights during the thermal motion of the cry
tal. The results of such a simulation are shown in Secs. V
and VI.

A. Molecular-dynamics setup

In all MD simulations described in this study, the nick
solid is represented by a slab of six movable layers, 24 ato

r

e

n

-
-
n
m

.
f
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t

FIG. 6. A sequence of two-
dimensional potential-energy sur
faces for the recombination of sur
face and subsurface hydroge
atoms. The surface hydrogen ato
position Z1 is fixed at ~a! 0.7 Å,
~b! 0.9 Å, ~c! 1.1 Å, and~d! 1.7 Å,
above a fcc threefold surface site
The lateral nuclear coordinate o
the second~originally subsurface!
H atom isX, and its distance from
the nickel surface isZ2. Notice in
~d! the appearance of the H2
potential-energy well. The poten
tial difference between adjacen
contour lines is 0.1 eV.
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10 958 55ROI BAER, YEHUDA ZEIRI, AND RONNIE KOSLOFF
each, together with two identical but fixed layers, which a
situated below the six mobile layers. Periodic boundary c
ditions were imposed along the directions parallel to the s
face. This slab, representing the solid surface, was attac
at the bottom layer to 24 fictitious particles representing
heat dissipation into the rest of the solid. The motion of
fictitious particles was governed by a Langev
equation.64,65,48,66,67Integration was performed by a third
order predictor corrector method,68 using 1-fs time steps
Such a short time step was required in the hydrogen pen
tion calculation because of the large accelerations of th
atom as it approaches the solid surface from the gas ph

B. Hydrogen-atom penetration into the solid

One of the experimental procedures to introduce hyd
gen into the bulk metal is by exposing the crystal to a flux
hydrogen atoms.2,10,3The process was simulated by MD ca
culations with the purpose of examining its efficiency. T
initial conditions for the simulations sampled thermal hyd
gen atoms moving toward a threefold hollow or toward
threefold fcc site on the surface. In each simulation 250
jectories were calculated where the termination conditi
were as follows:~1! the hydrogen atom was inside the soli
with a kinetic energy of less than 0.5 eV;~2! the hydrogen
atom was above the surface, with a kinetic energy of l
than 0.7 eV;~3! the hydrogen atom was scattered back to
gas phase; and~4! the trajectory time exceeded 25 000 int
gration steps~25 ps!.

Conditions~1! and~2! above correspond to bulk and su
face hydrogens, respectively. Universally in all trajector
calculated, the hydrogen atom is captured by the m
phase. As the hydrogen atom approaches the solid, it
comes accelerated by its strong attraction to the surface.
translational energy gained by this acceleration (;2.6 eV!
allows the hydrogen to cross the energy barrier between
surface and bulk (;0.9 eV! easily. After the hydrogen atom
penetrates the solid it executes a large number of collis
with the Ni atoms before it reaches termination conditio
The large difference between masses of hydrogen and n
restrict energy transfer from the hydrogen atom to the bu

Four sets of calculations were performed in which t
target site on the surface and the incidence angleu ~polar
angle! of the hydrogen were varied. The probability of th
hydrogen atom penetrating the solid and remaining in
bulk, Prob~in!, was found to be independent of the target s
on the surface. The probability of forming subsurface a
bulk hydrogen was 0.43 for the threefold hollow and 0.42
the threefold fcc. In addition, a very weak dependence
these probabilities on the incidence angleu~in! was found.
The change ofu from 0° to 30° yielded penetration prob
abilities of 0.45 and 0.43 for the two target sites, resp
tively. These changes in Prob~in! are smaller than the error i
the simulations, hence Prob~in! is practically independent o
u. The conclusion from these simulations is that Prob~in! is
relatively insensitive to the nature of the target site and
incident angleu of the H atom. Since none of the hydroge
atoms were scattered back to the gas phase, the probab
for finding the hydrogen adsorbed to the nickel surface
given by the fraction needed to complete the above pr
abilities to unity.
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Inspection of the time evolution of the actual trajectori
shows that the hydrogen atom always penetrates into
subsurface region. The rate of energy loss is very slow du
the mass mismatch, and, therefore, the hydrogen atom un
goes many collisions before it comes to rest in a loca
stable site. This site may be either on the surface or in
bulk. It should be noted that most of the trajectories we
terminated due to the fourth termination condition. Thus
values of Prob~in! presented above serve only as upper lim
for the bulk hydrogen formation probability. The order-o
magnitude discrepancy between the calculated
measured2 Prob~in! values indicates that a large fraction
the hydrogen atoms defined in the simulation as bulk hyd
gen will emerge on the surface at later times. In addition,
accumulation of bulk hydrogen may also result in a reduct
of Prob~in! values due to a blockage of the pathway for fu
ther hydrogen penetration. This effect was not examined
the present calculations. In the simulations described ab
the only dissipation mechanism considered was energy
to the phonon bath of the solid.

Another possible route of energy dissipation is the ex
tation of metal electrons. To examine the importance of t
channel of energy loss, additional calculations were p
formed in which electronic friction and the correspondi
random force were included in the hydrogen equations
motion. The electronic friction was computed according
the method of Li and Wahnstrom.38,42

The probability of forming subsurface and bulk hydrog
for the two types of target surface sites was found to be 0
for the threefold hollow site, and 0.31 for the threefold f
site. These results show quite a different behavior than th
described above. For the threefold hollow site, Prob~in! in-
creased by about 25%, indicating that the more efficient
ergy loss of the penetrating hydrogen atom results in an
crease of subsurface~bulk! population. On the other hand
for the threefold fcc site a large reduction in the probabil
of forming bulk hydrogen was observed. This marked d
crease in the magnitude of Prob~in! for this site is due to the
large frictional forces induced on the penetrating hydrog
atom during its passage through the high electron den
regions near the subsurface Ni atom.

We conclude by emphasizing the importance of electro
excitations during the penetration of hydrogen into a me
For the relatively high kinetic energies involved, the rate
energy dissipation is linear with the hydrogen kine
energy.69,70 As a result, the electrons are able to dissip
energy of fast penetrating hydrogen effectively, causing tr
ping. The influence of electronic friction on the tunnelin
motion will be considered in Sec. VII.

IV. RESURFACING DYNAMICS I:
ADIABATIC HYDROGEN TUNNELING

IN A FROZEN NICKEL LATTICE

By examining the potential-energy surface, it becom
obvious that the resurfacing, and therefore the recombina
reaction, involves tunneling. Specifically the tunneling rou
is of a hydrogen atom from an hcp subsurface site to
surface. It is well established that tunneling is extremely s
sitive to almost any parameter of the system, and hence
quires a very careful analysis. The first step in such an an
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55 10 959HYDROGEN TRANSPORT IN NICKEL~111!
sis is to construct a reliable numerical procedure wh
allows accurate calculations for extremely small tunnel
rates. It is instructive to write the full Hamiltonian of th
problem as

Ĥ5Ĥs1Ĥp1Ĥe1V̂sp1V̂se, ~4.1!

whereĤs is the adiabatic Hamiltonian of the hydrogen. A
suming a frozen lattice,Ĥp is the lattice Hamiltonian, com
posed of the nickel vibrational modes, andĤe is the Hamil-
tonian of the conduction electrons of the metal. The latt
and conduction electron Hamiltonians, are both coupled
the hydrogen motion by the potentialsV̂sp and V̂se.

The problem of the hydrogen resurfacing rate is first a
lyzed by assuming a frozen lattice, and assuming that
dynamics is electronically adiabatic:V̂sp5V̂se50. This
analysis constitutes a reference for further calculations wh
these couplings are taken into account~Secs. V, VI, and VII!.

The principal problem in calculating tunneling rates is t
experimental time scale of the order of seconds compare
the basic vibrational subpicoseconds time scale. This
imposes an extreme accuracy requirement on the tunne
rate computation. The method developed for the purpose
an accuracy spanning 14 orders of magnitude. The metho
based on a Fourier grid representation of the wave functio
A time-energy filter extracts the individual tunneling eige
states from the metastable well eigenstates, acting as in
guesses. Outgoing boundary conditions are imposed by
use of imaginary potentials localized in the asymptotes.
tails of the method are described in Ref. 8. A typical tunn
ing spectrum, showing the lifetime of the tunneling states
a function of energy for resurfacing of hydrogen and deu
rium, is shown in Fig. 7.

Two points should be emphasized. There is a finite t
neling rate from the ground state, meaning that the sub
face site is metastable, stabilized only when all surface s
are occupied. The other point is that, for each temperat
the tunneling rate is determined by very few eigenstates
resenting the balance between exponential increase of
tunneling rate with energy and exponential decrease du
Boltzmann weighting. This fact has also been pointed out

FIG. 7. Tunneling spectrum of subsurface hydrogen and de
rium moving to a surface hcp site for a frozen lattice. Also shown
the 1D VAA approximation for hydrogen.
h
g

e
to

-
e

re

to
ct
ng
as
is
s.

ial
he
-
l-
s
-

-
r-
es
e,
p-
he
to
y

Wonchoba, Hu, and Truhlar.7 Comparing hydrogen to deu
terium in Fig. 7, it is observed that the tunneling from t
ground state of deuterium is two orders of magnitude low
than for hydrogen, and that the density of tunneling state
higher.

The validity of the reduced dimensionality approximatio
for the tunneling rates was checked in Ref. 8. It was fou
that these approximations overestimate the tunneling rate
orders of magnitude. The best of the examined approxim
tions was found to be the vibrationally adiabatic approxim
tion ~VAA !, which overestimates the tunneling rate for lo
temperatures by a factor of 5. These deficiencies should
taken into consideration when the influence of other effe
on the tunneling rates are evaluated.

V. RESURFACING DYNAMICS II:
PHONON-ASSISTED TUNNELING

Lattice motion has a profound influence on the tunnel
dynamics. In the following sections an incremental analy
is performed, starting from a simple model in this sectio
which will be elaborated upon in the next sections.

Hydrogen tunneling rates are exponentially sensitive
barrier height and shape. The analysis in Secs. II and
showed that the lattice modes can lower the barrier by op
ing the nickel-surface-atom triad on the H-atom tunneli
route ~see Fig. 3!.

Simple approximations which includes this effect are d
sirable. An elementary model consists of a single oscilla
representing the thermal bath and its coupling to the bar
dynamics. A further adiabatic simplification has been
tempted, based on the favorable mass ratio between the
drogen and nickel atoms. The adequacy of the model and
adiabatic approximation are assessed in the following s
sections.

The first step, using MD simulations, is to analyze t
variation of the barrier height due to thermal motion of t
solid. This analysis determines the heavy oscillator para
eters, as is shown in Sec. V A. Once the oscillator parame
are determined, an assessment of the model is made in
V B. For further comparison, the same data are used to c
struct a bath of phonon modes for which the dynamics
solved by the surrogate Hamiltonian method.61

A. MD simulations for characterizing barrier motion

Concentrating on crystal-hydrogen coupling in the barr
region, a Hamiltonian, replacing that of Eq.~4.1! is con-
structed:

Ĥ5Hs~P̂z ,Ẑ!1
P̂2

2M
1
1

2
Mv2R̂21V~ Ẑ,R̂!. ~5.1!

This model is aimed at studying the effects of crystal motio
so the nonadiabatic effects are neglected. The lattice mo
is represented by a single harmonic oscillator with coor
nateR, massM , and frequencyv. The hydrogen motion is
restricted to one dimension along the tunneling pathZ. The
effect of the two additional degrees of freedom was tak
approximately into account by the VAA.8,71–75In this model,
the coupling of the hydrogen and the lattice reduces to

e-
s
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V~ Ẑ,R̂!5 f ~Z!~bR1Ae2guR2R1u!, ~5.2!

wherebR represents the basic coupling, linear in the hea
oscillator coordinate, with force constantb. The function
f (Z) localizes the coupling to the barrier region atZo . The
extent of localization is determined by the parameters,

f ~Z!5e2~Z2Zo!2/2s2. ~5.3!

The exponential term in Eq.~5.2! represents the H-Ni repul
sion at large extensions. For every crystal configurationR,
the potentialV(Ẑ,R̂) represents the correction to the hydr
gen adiabatic potentialVs(Z). It is convenient to define the
barrier heighthb(R) as the difference between the potent
at the top of the barrier and that at the bottom of the sub
face well. NearR50 the barrier heighthb is a monotonic
ascending function ofR. As the oscillator moves to the

FIG. 8. Clocking the barrier motion. The barrier heighthb
shown in Fig. 3 is recorded as a function of time, during
molecular-dynamics~MD! simulation of the lattice motion. A seg
ment of 10 ps is shown.

FIG. 9. The distribution function of barrier heightshb obtained
from the MD simulation. The average barrier was found to be 0
eV. The distribution width for the simulation temperature~90 K! is
s50.079 eV.
y

l
r-

negative-R direction, the barrier for tunneling is lowered
while it is elevated as the heavy oscillator displacemen
extended to the positive-R directions.

To characterize the coupling features~namely, the param-
etersb ands), MD simulations are used. The change in t
adiabatic potentialV is reduced to a single parameter—it
characterized by the change in the barrier heighthb . This
quantity is calculated for different configurations of the so
atoms as dictated by their thermal motion. The calculatio
also account for the presence of subsurface hydrogen in
metastable well. The MD simulations were initiated with
thermalization phase which lasted 10 ps. During the simu
tion, the mass of the hydrogen atom was artificially increa
to 5000 amu in order to prevent its migration to other sit
After the thermalization stage the system evolution was
lowed for an additional 10 ps. At each time step of the sim
lation during this second stage, the barrier heighthb was
registered. The estimation ofhb was performed by determin
ing the potential energy for a set of hydrogen atom positio
along a line that passes from the subsurface site to the th
fold hollow surface site along theZ coordinate.

The values ofhb result from thermal fluctuations at
specific hydrogenic site in the nickel crystal. A similar pr
cedure employing a MD simulation was used to record
barrier height of two hydrogen atoms, where one atom is
neighboring surface site. At the lowest barrier height,
potential of the metastable well was examined along the
action path. Comparison to the equilibrium potential curve
shown in Fig. 3. Typical variations ofhb due to the thermal
motion of the metal atoms, at 90 K, are shown in Fig. 8.

These results correspond tohb variations during the sec
ond stage of the simulation~as noted above, the initial 10 p
served as a thermalization period for the system!. Inspection
of these results shows a rapid variation in the value ofhb
with an occasionally dramatic change in magnitude. The d
tribution of the thehb values is shown in Fig. 9.

Examining Fig. 9, a near-Gaussian distribution emerg
with an averagehb of 0.624 eV and a variances of 0.079 V.
Similar calculations were performed for a wide range of te
peratures. For all temperature values examined the ba
height distribution, was Gaussian-like. The variation ofs, as
a function of surface temperature, is shown in Fig. 10. T

2

FIG. 10. The variance in the barrier distribution in eV as
function of temperature.
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55 10 961HYDROGEN TRANSPORT IN NICKEL~111!
functional dependence ofs on the temperature nearly linea
increases fivefold in the range of 20K,Ts,160 K.

These results indicate that the magnitude ofhb changes
appreciably due to the thermal fluctuations of the surf
atoms. The principal frequencies are determined by calcu
ing the spectral density ofhb(t) ~see Appendix C!, shown in
Fig. 11.

Analyzing the figure, the frequencies of the barrier flu
tuations span the range of 60–300 cm21, with the dominant
modes at 200 cm21. These frequencies are small in compa
son to the H-atom perpendicular vibration in the subsurf
well of 970 cm21. One expects that this rather large fr
quency ratio is sufficient to allow the neglect of correlatio
between the two modes. As shown below, this is not the c
when tunneling motion is involved.

The presence of the surface hydrogen only slightly n
rows the spectral density of the barrier height. The influe
of a surface hydrogen occupying a neighboring threef
hollow site on the spectral density is negligible.

B. Lattice represented by a single-mode oscillator: Assessmen

The oscillator representing the lattice dynamics can eit
be coupled locally to the most sensitive region of the pot

FIG. 11. The spectral density of the barrier height, determin
from a MD calculation, for a single H atom in a hcp subsurface s
~gray filling!. The other line corresponds to the spectral density
the barrierhb when another hydrogen atom resides on the surfac
a nearby threefold fcc site.

FIG. 12. Flux of a 0.35-eV tunneling state, superimposed on
potential-energy surface of the local heavy oscillator model. T
potential difference between adjacent contour lines is 0.14 eV.
e
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tial or spread out. It is essential therefore to examine t
rather extreme regimes. In the local coupling regime
crystal motion only influences the barrier itself, and is ch
acterized by a small-s parameter. The extended couplin
regime is characterized by largers, and allows an outsprea
effect of the crystal motion on both the barrier and the me
stable well. The two-dimensional potential surfaces cor
sponding to these coupling regimes are shown in Figs.
and 13.

The extended coupling regime has a closer similarity
the MD simulations. This can be seen in Fig. 3, where
lowering of the barrier height is accompanied by the low
ing of the metastable well potential. The parameters used
the two coupling regimes are given in Table I. The mass w
chosen to represent a single nickel atom. The frequenc
the oscillator was taken to be close to the maximal spec
density frequency~see Fig. 11!. The strength of the coupling
the parameterb, was adjusted to the variance found for th
barrier height fluctuations~Fig. 10!, assuming that the heav
oscillator is in thermal equilibrium. The potential energ
contour map of the two coupling regimes is shown in Fig
12 and 13. The tunneling rates corresponding to the fu
correlated 2D model of Eq.~5.2! were calculated using the
method described in Ref. 8.

It is now appropriate to use this model for examining t
validity of neglecting correlations between the two modes
very different frequency—the hydrogen motion and the l
tice vibration. For this purpose, the tunneling rate is cal
lated in an uncorrelated model called the static barrier
proximation. This model averages 1D tunneling ratesJn(R)
with respect to the static heavy-oscillator displacementsR,

d
e
f
in

e
e

FIG. 13. Flux of a 0.26-eV tunneling state, superimposed on
potential-energy surface of the extended coupling regime. The
tential difference between adjacent contour lines is 0.14 eV.

TABLE I. Parameters of the single heavy oscillator models@see
Eqs.~5.1!, ~5.2!, and~5.3! for definition of symbols#.

Parameter Local coupling Extended coupling

M 110 000 110 000
v ~cm21) 190 190
Zo ~bohr! 20.25 20.5
s ~bohr! 0.5 1.1
A ~eV! 0.136 0.0
g ~bohr21) 8.0 0.0
B ~Ht bohr21) 0.049 0.049
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J~T!5E dRP~R,T!(
n

Jn~R!e2bEn, ~5.4!

where the probability density of the heavy harmon
oscillator displacement at temperature T is
P(R,T)5exp(2R2/2s2)/A2ps and s25\coth(\v/2kBT)/
Mv. In Appendix B the static barrier approximation is stu
ied, and Eq.~5.4! is systematically derived. Its derivation
based on two assumptions: the adiabatic approximat
where the kinetic couplings~the derivatives of the hydroge
eigenstates relative to the slow degree of freedom! are ne-
glected, and an additional assumption that the hydrogen
brational energies are independent of the heavy oscill
displacement. This last assumption seems plausible, at
for the local coupling regime, where the coupling on
slightly modifies the metastable well shape~see Fig. 12!.

Using the potential energy of Eq.~5.2! with the param-
eters in Table I, the tunneling rates for various metasta
vibrational states were calculated. The results are show
Figs. 14 and 15, where the fully correlated 2D tunneli
rates are superimposed on 1D static-barrier rates, for var
heavy-oscillator displacements. The tunneling rate of hyd

FIG. 14. Hydrogen tunneling spectra in the static barrier
proximation for a variety of barrier heights~black squares!. Super-
imposed is the 2D spectra for hydrogen tunneling coupled t
heavy oscillator~black dots!. The coupling in this calculation is the
extended coupling, shown in Fig. 13.

FIG. 15. The same as Fig. 14, but for deuterium, and for lo
coupling as shown in Fig. 12.
-
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gen in the extended coupling regime is shown in Fig. 14. T
2D tunneling states fall into lifetime bands. It is also se
that the energy of the 1D states is dependent on the oscil
displacement (R), signaling poor performance of the stat
barrier approximation. This is mainly due to the extend
character of the coupling. A similar figure is shown for de
terium in a local coupling regime. Here, due to the loc
coupling, the energy of the tunneling states is almost in
pendent of the deuterium location.

It is observed in both figures that the fully correlated 2
model yields tunneling rates corresponding to large nega
oscillator displacements. This hints that the uncorrela
static barrier approximation is inaccurate. Further evide
of the inadequacy of the static barrier approximation is
vealed in the flux map of the full~exact! tunneling state.
Examples are shown in Figs. 12 and 13. It can be seen
the tunneling flux is located mainly in the low barrier sadd
point, even though this means very large and rare stretche
the heavy oscillator. Moreover, the tunneling flux represe
a correlated motion of the hydrogen and the heavy oscilla

Thermally averaged rates for the two coupling regim
are compared in Fig. 16. The isotope effect is also con
ered. It is clearly seen that the static approximation gros
underestimates the tunneling rate by orders of magnitu
The only combination where the static approximation is a
plicable is for low energy, local coupling, and light mass.
any other combination, the static calculations are very in
curate for the estimation of tunneling rates. For deuteri
this approximation is even poorer due to the smaller m
mismatch. It is also seen that, for higher temperatures,
two methods predict a different temperature dependen
namely, distinct activation energies.

An important, experimentally measurable quantity is t
crossover temperature. It marks the onset of temperature
dependent resurfacing rates. The correlated 2D models t
cally have lower crossover temperatures than the static
rier models. Also, deuterium coupled to the heavy oscilla
has lower crossover temperatures than hydrogen. In a pr
ous publication,8 a crossover temperature of 210 K was r
ported for the 1D/VAA approximation of hydrogen. Here,

-

a

l

FIG. 16. Comparison of thermally averaged tunneling rates
resurfacing of hydrogen from an octahedral subsurface site. Ca
lations based on the local and extended coupling regimes
shown, comparing the two-dimensional model calculations with
static barrier approximation. Also shown are the local coupling
gime calculations for deuterium.
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55 10 963HYDROGEN TRANSPORT IN NICKEL~111!
can be seen in Fig. 16, the coupling to a heavy oscilla
yields a markedly lower crossover temperature of 140 K
hydrogen~local coupling! and 155 K ~extended coupling!
compared to 130 K for deuterium. This narrowing of t
T-independent range of the tunneling rates is in good qu
tative agreement with experimental and other theoretical
servations of quantum effects related to surfa
diffusion.4–6,40,41,7

The overall effect of the barrier motion in this model is
enhance the tunneling rate with respect to the frozen lat
calculation by one and three orders of magnitude for
local and the extended coupling regimes, respectively. T
effect is known as phonon-assisted tunneling.29 The conclu-
sion of this section is that neglecting the correlations of d
ferent degrees of freedom, even when they seem to h
different time scales, is usually inappropriate for studyi
tunneling dynamics.

C. Single oscillator vs bath of oscillators

In studying the influence of the bath, the next question
whether a single oscillator coupled to the barrier is an
equate model even when fully correlated. In order to stu
this, the tunneling rates of the single-oscillator model
compared to rates calculated by a more elaborate mod
multiphonon bath spanning the spectral density of bar
motion. In Sec. VI an even more elaborate system bath c
pling will be studied.

Treating the hydrogen dynamics under the influence o
multiphonon bath is done by the use of the surrogate Ha
tonian method. This method replaces the highly structu
phononic bath by a simpler bath while conserving the sp
tral density. A detailed description of this method is found
Ref. 61, and a short summary is given in Appendix A. T
spectral density is estimated by analyzing the MD correlat
functions as described in Appendix C. The estimated spec
density is shown in Fig. 11. It is convenient to employ
analytical approximation of the spectral densityJ(e). This is
done by decomposing the full spectral density function t
sum of three Gaussians:

J~e!' (
n51

3

Ane
2~e2en!2/2sn

2
. ~5.5!

The parameters used here are given in Table II. The
quency range represented was set atv0560 cm21 to
v f5300 cm21.

The coupling functionf (Z) @see Eq.~A4!# was chosen
with parameters of the extended coupling regime as show
Table I, and the tunneling states were calculated using
surrogate Hamiltonian method.61 It was found that the result
ing thermal tunneling rate is satisfactorily converged w
the use of a bath consisting of five two-level-system mod

TABLE II. Parameters of the Gaussian decomposition ofJ(e).

Parameter n51 n52 n53

An ~eV! 1.0 2.8 1.3
en ~cm21) 110 200 260
sn ~cm21) 22 15 22
r
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The thermal rates are shown in Fig. 17, and are compare
the 2D single heavy-oscillator rates for the local and e
tended models.

It is clear that the thermal tunneling obtained by the m
tiphonon bath model has a markedly different behavior
compared to the single-oscillator one-mode model. T
temperature-independent regime spans a much larger ra
where the crossover temperature is approximately 200
compared to 140–155 K for the single-oscillator models. F
low-temperature tunneling, the phonon bath rate is betw
that of the two single-oscillator regimes. The extended c
pling regime is much more efficient in enhancing the tunn
ing than the phonon bath, even though both have been b
from the same MD data using the same extensions. This
shows that the effect of phonon-assisted tunneling is redu
when a single oscillator is replaced by a bath of phono
Such a conclusion is also observed by looking at the Arrh
ius regime, where the activation energy for a single oscilla
is lower than that of the bath.

Experimentally, the resurfacing time is of the order
hours.2 This fact is in discrepancy with the calculated time
seconds. This discrepancy cannot be overcome by the
that the VAA was shown to overestimate the tunneling b
factor of 5.8 It is possible that the potential used is not acc
rate enough due to the extreme sensitivity of tunneling. R
cent variational transition state calculations with EDIM p
tential produce even higher rates in the range of the sin
oscillator calculation.30 The suppression of tunneling by th
multimode bath compared to the single-oscillator model s
gests that an additional tunneling hindrance mechanism
ists in this case. This conjecture is backed up by theoret
estimations showing that the phonon vibrations can decre
tunneling rates~see Ref. 32 for a comprehensive discuss
and extensive reference list!. It therefore seems necessary
reexamine the coupling of the tunneling dynamics to the
tice.

VI. RESURFACING DYNAMICS III:
LATTICE REPRESENTED BY SEVERAL BATHS

The tunneling dynamics requires spatially long-range
herence. This coherence can be destroyed if uncorrel

FIG. 17. Comparison of the thermal tunneling rate of resurf
ing hydrogen for three models: the single-oscillator local regim
extended coupling regime, and multiphonon bath regime.
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bath dynamics influences different parts of the poten
along the tunneling route. To study this possibility, a mo
is constructed by coupling the primary tunneling degree
freedom to several multiphonon baths. The surrogate Ha
tonian method61 is employed, enabling a description of tu
neling coupled to several dissipative baths of phonons. Th
baths reflect in a realistic manner the hydrogen-lattice in
action.

The Hamiltonian of Eq.~4.1! becomes the Hamiltonian o
a primary system interacting with phonon baths,

Ĥ5T̂1V̂s~Z!1(
i ,k

e i ,kbi ,k
† bi ,k

1(
i
f i~Z!(

k
Vi ,k~bi ,k

† 1bi ,k!. ~6.1!

Here T̂ represents the kinetic-energy operator for t
hydrogen-atom motion, andV̂s(Z) is the corresponding po
tential energy represented by the average reaction p
There are several phonon baths, indexed byi , each described
by a sum of free-phonon-energy terms, indexed byk, where
e i ,k5\v i ,k is the energy of thekth phonon mode of thei th
bath ~the ground-state energies of the phonons are
glected!, and n̂i ,k5b̂i ,k

† b̂i ,k is the occupation number, wher

b̂i ,k5Ami ,kv i ,k /\ x̂i,k1 i p̂i ,k /Ami ,k\v i ,k, andmi ,k , x̂i ,k , and
p̂i ,k are, respectively, the mass, coordinate, and momen
of the (i ,k)th oscillator of the bath.

FIG. 18. Spectral densities of the system-bath interaction, ta
at various locations of the hydrogen atom on the reaction p
These results are based on a molecular-dynamics simulation a
K.
l
l
f
il-

se
r-

th.

e-
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The spectral density is calculated for various positions
the hydrogen atom along the reaction path potential usin
MD simulation. Analysis of the MD data discussed in A
pendix C results in a spectral density which is dependen
the position of the hydrogen atom, as shown in Fig. 18.

A model consisting of three independent phononbath
sufficient to describe the spectral density

J~e,Z!5(
i

u f i~Z!u2Ji~e!, ~6.2!

where Gaussian functions inZ are used to localize the pho
non interaction:

f i~Z!5e2~Z2Zoi !
2/2z i

2
. ~6.3!

The local spectral densities are also cast into sums of G
sians ine localized in energy:

Ji~e!5(
k

uVi ,ku2d~e2e i ,k!5 (
a51

2

Ai ,ae
2~e2e i ,a!2/2s i ,a

2
.

~6.4!

The parameters describing the spectral densities are extra
from a molecular dynamics simulation, and are summari
in Table III.

The first bath (i51) is localized on the barrier peak po
sition like the bath of Sec. V C, and has a wide frequen
range. The second bath (i52) is localized in the metastabl
well minimum, with frequencies centered around 2
cm21. The third bath with low frequency is localized on th
repulsive slope.

The calculation was performed using three bath modes
each of the three baths. Calculations with a larger numbe
modes have confirmed reasonable convergence. The c
lated thermal tunneling rates are shown in Fig. 19, and co
pared with the frozen lattice rates and with the single b
rates of Sec. V C.

The striking feature is that the composite bath, consist
of three different phonon baths, imposes a drastic reduc
of the tunneling rate compared to the enhancement cause
the single-phonon bath with coupling localized on the b
rier. The rate is decreased by two orders of magnitude, an
plunges below the frozen lattice rate.

Thus the overall effect of the phonons is to hinder hyd
gen tunneling. This observation is in contrast to surface
fusion and resurfacing calculations of Truhlar a
co-workers,29,30 for which a mechanism of phonon-assist
tunneling is reported~see Ref. 61 for a discussion of surfac
diffusion on nickel!. The three-phonon-bath model resurfa
ing rates are still higher than experimental resurfacing ra
by two orders of magnitude.

n
h.
90
TABLE III. Parameters of the spectral densities.

i Zi z i Ai ,1 e i ,1 s i ,1 Ai ,2 e i ,2 s i ,2

~bohr! ~bohr! ~Ht! ~cm21) ~cm21) ~Ht! ~cm21) ~cm21)

1 0 0.8 0.025 197.5 21.9 0.021 254.6 26.3
2 22.5 1.56 0.01 254 26.3 0
3 10.945 0.325 0.0125 94.3 16.7 0
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55 10 965HYDROGEN TRANSPORT IN NICKEL~111!
Based on these results, two fundamental types of b
influence on tunneling can be recognized. They can gene
be distinguished by the symmetry of the coupling functi
f (Z) with respect to the location of the barrier peak~taken at
Z50). If f (Z) is an even function ofZ, the phonon vibra-
tions cause the potential on both sides of the barrier to os
late in-phase. In this case the delicate long-range coher
of the hydrogenic wave function is not disturbed, and
tunneling is assisted by the occasional lowering of the bar
height. On the other hand, iff (Z) is an odd function ofZ,
the potential surface on the phonon motion causes the
sides of the barrier to oscillate out of phase, and this dest
the long-range coherence of the hydronic wave functi
This results in a severe hindrance of the tunneling rate.

VII. RESURFACING DYNAMICS IV:
NONADIABATIC EFFECTS

The exponential sensitivity of the tunneling process
almost any dynamical factor requires a serious considera
of nonadiabatic effects caused by the interaction between
hydrogen atom and the conduction electrons of metals.76,77

The nonadiabatic effect depends on the coupling parame
of the specific system. The present system can be chara
ized by a composite Ohmic bath in which the spectral d
sity is linear in the excitation energy.

The dynamics of coupling the primary system to nonad
batic interaction has been developed using the surro
Hamiltonian method.61 Here the general scheme is applied
the resurfacing phenomena. The thermal tunneling rate
calculated as a function of the electron density, and is sho
in Fig. 20. It can be seen that the nonadiabatic interacti
have, in general, a damping effect on the tunneling ra
which increases with the metal electron density. The up
bound of the damping effect is approximately a factor o
for the temperature range shown. The crossover tempera
is reduced slightly by about 5 K at thehigher electron den-
sities considered. From the EAM calculation the electr
density is directly obtained, yielding a density parameter

FIG. 19. The tunneling rate for three adiabatic approximatio
a frozen lattice, a phonon bath consisting of a phonon bath cou
to the barrier, and three phonon baths coupled to the full exten
the reaction coordinate.
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r s52.1 for the subsurface hcp site. It is, however, not cl
what is the exact value of the electron density which need
be used in the model, since part of the interaction betw
hydrogen and the electron-excitations is accounted for
by using the adiabatic potential. Thus the calculation w
performed for several values of the electron density, enab
a parametric study. The results are shown in Fig. 20. Ba
on these calculations, it is concluded that, for this proce
the nonadiabatic interactions reduce the resurfacing rate
hydrogen, by a factor of approximately 2–3.

VIII. DESORPTION OF HYDROGEN FROM NICKEL „111…

The final step of the hydrogen odyssey in nickel is t
recombinative desorption. The reaction rates are determ
by calculating the width of the recombination resonanc
The potential surface shown in Fig. 4 was used. The gen
strategy is to view the reaction as a unimolecular dissocia

H2M→H21M . ~8.1!

The method of calculation is similar to the technique of e
timating tunneling rates described in Ref. 8. The first step
to calculate the eigenstates of the desorption well by blo
ing the exit channels to both the molecular species and
face diffusion. In this fashion, 48 vibrational eigenfunctio
of the well were calculated, up to and over the desorpt
barrier height. Next, the exit channel to the molecular spec
was unblocked and a negative imaginary potential w
placed at the far molecular asymptote. Desorption eig
states were then calculated by filtering the states with ou
ing only boundary conditions using the Greenian filteri
operator, in an identical manner to the calculation of tunn
ing eigenstates shown in Ref. 8. The first ten states w
below the threshold for reaction. The eigenvalues of the c
secutive 38 states are shown in Fig. 21. It is seen that
kinds of desorption mechanisms exist. One is due to tun
ing through the small adsorption barrier, while the other c
responds to over-the-barrier Feschbach resonances. The
croscopic rates were thermally averaged and the resu
thermal desorption rates are shown in Fig. 22.

:
ed
of

FIG. 20. The thermal tunneling rate of resurfacing hydrog
shown for three metallic electron densities and for the adiab
tunneling.
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10 966 55ROI BAER, YEHUDA ZEIRI, AND RONNIE KOSLOFF
The thermal rate for the relevant temperature range ca
fit by using a double Arrhenius curve, as discussed in S
IX C. This limited dimensional approximation results in
crude upper estimate of the recombination rate. The in
ence of lattice dynamics was not analyzed for this reacti

IX. KINETIC MODEL FOR THE TPD SIGNAL

In order to compare the calculated recombination T
rates to experimental data, the individual rates have to
combined into a kinetic model. The main assumptions of
model are summarized as follows:

~1! Hydrogen readily adsorbs on the nickel surface. M
lecular hydrogen dissociates, and the hydrogen fragment
occupy four types of surface sites, two of which are me
stable~on-top and bridge!. The stable sites are the two thre
fold sites.

~2! Atomic hydrogen, coming from the gas phase, read

FIG. 21. The desorption spectrum of surface hydrogen base
the PES of Fig. 4. The potential-energy minimum of molecu
H2 is marked. The first three states of lowest energy are tunne
states through the 0.17-eV adsorption barrier. The other state
over-the-barrier resonances. Lines connecting the resonance p
are a guide for the eye.

FIG. 22. The thermal recombination rate of surface hydrog
Also shown is the double Arrhenius curve used to fit the data.
be
c.

-
.

e
e

-
an
-

y

enters the bulk and thermalizes in interstitial sites. The m
stable bulk sites are those directly underneath the three
hollow surface sites.

~3! The recombination of two surface hydrogen atoms
endothermic, by about;0.5 eV, and the desorption proce
is activated by a barrier of;0.67 eV.

~4! A hydrogen atom in the subsurface site can resurf
by tunneling through a 0.6-eV barrier to a vacant threef
hollow site. The thermal rate of this process has been ex
ined using different models and levels of approximation.

~5! When a hydrogen atom occupies a surface three
hollow site, it blocks the exit of a subsurface hydrogen at
~see Fig. 5!, raising the resurfacing barrier to 1.2 eV. Tw
conclusions follow from this observation:

~i! A high occupation number of hcp sites causes a
crease in the resurfacing rate. This is calledthe capping ef-
fect.

~ii ! A direct reaction mechanism, between a subsurf
hydrogen atom and a surface on-top hydrogen, cannot
plain the low-temperature bulk-surface recombination. T
conclusion is strengthened by recent experimental meas
ments, which show that bulk-surface recombination produ
have a wide angular distribution.78

~6! The subsurface hcp site is metastable with respect
surface site. The energy difference is about 0.4 eV in pot
tial energy and 0.23 eV in zero-point vibrational energy,
taling to 0.63 eV. It follows that, immediately after resurfa
ing, the hydrogen is veryhot, and interacts rapidly with a
surface hydrogen located in a neighboring site.

~7! The relaxation rate of ahot hydrogen atom is prima-
rily due to nonadiabatic electron-hole pair excitations.61

These points are used to construct a kinetic model for
bulk-surface recombination process. In this model
subsurface-surface reaction is broken into two kinetica
distinct stages. First, a resurfacing stage, where excited
drogen is formed after tunneling out of the subsurface. N
the hot hydrogen finds a thermalized surface hydrogen a
reacts with it. The possibility of reaction among twohot
hydrogens is negligible, since the hot hydrogens relax
tremely fast relative to their formation rate. A further simp
fication in the model is that the difference between fcc a
hcp sites is neglected due to their fast equilibration via s
face diffusion.61,7,41 The kinetic equations describing th
combined process become:

d†B‡

dt
52Kb†B‡~12†S‡2†S* ‡!,

d†S* ‡
dt

51Kb†B‡~12†S‡2†S* ‡!2g†S* ‡2k* †S* ‡†S‡,

~9.1!

d†S‡

dt
5g†S* ‡2k* †S* ‡†S‡22k†S‡2,

T5To1at,

where all occupation numbers areper surface site, and@B# is
the occupation number of subsurface hydrogen,@S# is the
occupation number of thermalized surface hydrogen ato
~H!, @S* # is the occupation number of hot resurfacing hydr

on
r
g
are
ints
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TABLE IV. The different estimations of the hydrogen-resurfacing rates crossover temperatures and activation energies

Adiabatic Number of Lattice Electronic
potential H DOF’s motion nonadiabaticity Rate~Hz! a Tc ~K! Ea ~eV!

1 EDIM 1 frozen neglect 1013 200 0.47
2 EDIM1VAA 1D frozen neglect 0.5 200 0.57
3 EDIM 3D frozen neglect 0.1 205 0.5
4 EDIM1VAA 1D 1-mode/Local Coup./Stat. Bar. neglect 0.3 200 0.27
5 EDIM1VAA 1D 1-mode/Local Coup. neglect 1 140 0.26
6 EDIM1VAA 1D 1-mode/Extended Coup. neglect 731011 156 0.21
7 EDIM1VAA 1D 1-multiphonon Ext. Coup. neglect 1011 194 0.26
8 EDIM1VAA 1D 3-multiphonon-baths neglect 531022 185 0.15
9 EDIM1VAA 1D frozen e-hole bath 231022 190 0.32
10 Ref. 30 TSTb partition function neglect 1014 130 0.33

aRate at zero temperature.
bTST-tunneling-corrected variational transition state theory.
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the
gen atoms~H* ), Kb is the thermal resurfacing rate consta
g is the relaxation rate constant of excited hydrogen,k* is
the thermal rate constant of the reaction H*1H→H2, and
k is the thermal rate constant of the reaction H1H→H2, and
a is the surface heating rate, taken as 2 K s21 in accord with
the experimental value.

The TPD signal is given by the desorption rate

d†G‡

dt
5k* †S* ‡†S‡1k†S‡2, ~9.2!

where†G‡ is the number of desorbed H2 molecules per sur-
face site. In the following sections the rate constants
estimated, based on the different calculations describe
the present study.

A. Resurfacing rateKb

Estimating the tunneling rates is a difficult task due to
exponential sensitivity and the strong dependence on the
mensionality of the process. Table IV summarizes the h
archy of approximation used for the hydrogen tunneling
surfacing rates. For completion the TST calculation of R
30 is included in the table, which is two orders of magnitu
faster than the frozen lattice calculation at 0 K. The tunnel
rates as a function of temperature for the different appro
mations are summarized in Fig. 23.

It is clear from this figure that the different models pred
rates differing by five orders of magnitude for the same p
cess. The tunneling rate constants were fit to a universal f

K~T!5KoexpS 2
Ea

kBTaF Ta
6T

21

F11S TaT D nG S 11
Ta
T D G D .

~9.3!

This expression contains four parameters:~i! Ta51.2Tc ,
whereTc is the crossover temperature;~ii ! Ea is the activa-
tion energy of the Arrhenius part of the rate constant te
perature dependence;~iii ! Ko is the temperature independe
rate; and~iv! n is a parameter, describing the curvature of t
crossover region. The most elaborate phonon model, u
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three baths~Sec. VI!, estimates the temperature-independ
tunneling rate asKo50.05 s21, the crossover temperature a
Tc5185 K andEa50.87 eV. However, the nonadiabatic in
teractions shown in Fig. 23 exhibit an additional decrease
Ko by a factor of 2 and ofTc by 5 K. In Ref. 8 it was shown
that the reduced dimensional VAA causes an overestima
of Ko by a factor of 5, and of the crossover temperatureTc
by 10 K. Based on these considerations the following para
eters were chosen for the universal function represen
Kb : Tc5170 K,Ko50.005 s21, Ea50.87 eV, andn55.1.

B. Relaxation rate g

The resurfacing hydrogen atom has an excess energ
0.63 eV with respect to a surface hydrogen at its grou
state. This is due to the 0.4-eV difference in the bindi
energies of surface and subsurface hydrogen atoms wit
additional 0.23 eV, the difference in zero-point energy, a
the surface hydrogen. This excess energy allows thehot hy-
drogen to wander freely on the surface. The relaxat
mechanism causes loss of the hot hydrogen energy du

FIG. 23. The thermal tunneling rate of resurfacing hydrog
shown for the various model calculations. The boxes indicate
crossover temperature.
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electron-hole pair excitations. The vibrational line broade
ing of the transverse mode was calculated in Ref. 61, an
was found to be 23 cm21, yielding the relaxation rate
g5231012–431012 s21. A similar value is obtained for the
translational energy relaxation due to the nonadiab
friction.61 Hence a value ofg5231012 s21 is assumed in
the present kinetic model.

C. Recombination ratek

The surface reaction of the hydrogen recombination w
discussed in Sec. VIII. The rate constant is well fit by
double Arrhenius function

k~T!5A1e
2E1 /kBT1A2e

2E2 /kBT, ~9.4!

where the following parameters are used:E150.6 eV,
E250.8 eV,A151.531010 s21, andA254.131011 s21.

D. ‘‘Hot’’ hydrogen recombination rate k*

The recombination reaction is activated, and therefore
hanced by the excitation of one of the participating hydrog
atoms. For this reason the excess energy of the resurfa
hydrogen can promote the reaction. This enhancement is
timated by lowering the activation energiesE1 andE2 in the
thermal-reaction-rate expression Eq.~9.4! by Exc . Next, the
kinetic prefactor is enlarged. This is due to the fact that
correlated motion of the bulk and surface atoms can hav
strong effect. The analysis in this study has shown that s
correlated effects, for low probability processes can enha
the rates by orders of magnitude. An example for this is s
in Sec. V B, where correlation effects enhance the tunne
rates by three orders of magnitude. Since a detailed calc
tion is prohibitively expensive at this stage, the prefactors
taken as parameters, their value increased by factors o
and 100 compared to the thermalized reaction prefact
Summing up, the rate constant is given by Eq.~9.4! with the
following parameters:E150.026 eV andE250.17 eV,
A151.531011 and 1.531012 s21, and A254.131012 and
4.131013 s21.

E. TPD signal

Analysis of the kinetic model of Eqs.~9.1! shows that the
number of excited hydrogen atoms on the surface,†S‡* , is
created by a relatively slow process, and destroyed by a
process. This prohibits any attempt to solve Eqs.~9.1! di-
rectly. However,S* is at all times extremely small, and thu
changes slowly. Settingd†S* ‡/dt50 in Eq. ~9.1! yields the
set of equations:

d†B‡

dt
52Kb†B‡~12†S‡2†S* ‡!,

d†S‡

dt
5g†S* ‡2k* †S* ‡†S‡22k†S‡2,

~9.5!

†S* ‡5
Kb†B‡~12†S‡!

Kb†B‡1g1k* †S‡
,

T5To1at.
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This set of coupled equations is numerically integrated. T
stability and accuracy has been checked by monitoring
identity 2†G‡1†B‡1†S‡5†B‡o where†B‡o is the initial bulk
content of hydrogen. It is assumed that the surface is initia
clean.

The TPD simulated results with the initial bulk conte
Bo51.5 and initial temperatureTo580 K are shown in Fig.
24. Two spectra for the two sets of prefactors used to e
mate k* are displayed. In both cases, two peaks are
served. However, the magnitude of the low-temperat
peak, centered at 170 K, is very sensitive to the reaction-
constant used. The relaxation rate of hot hydrogen is fast
the surface is rather quickly filled, so that at a temperature
190 K the creation of excited hydrogen is almost halted co
pletely. This is a result of thecapping effect. At higher tem-
peratures, around 200 K, the surface-surface recombina
sets in, and the surface is quickly depleted. This enab
formation of more hot hydrogen atoms, and the two mec
nisms of desorption work simultaneously. At 210 K, the r
surfacing is so fast that the bulk is emptied almost instan
and the hot hydrogen recombination stops. This cause
drastic decrease of the TPD rate seen as the sharp pe
215 K. This peak is not seen when the hot hydrogen reac
is slow. By the time the temperature reaches 230 K,
surface coverage is depleted enough for the recombina
reaction to slow down, and the TPD signal gradually dro

The TPD experiment also shows two peaks,2 at approxi-
mately 200 and 350 K, respectively. The peak at 200 K is
larger amplitude than the one at 350 K. This is attributed
the complete depletion of the bulk at low temperature. D
ing this depletion a large fraction of the hydrogen desor
while the rest remains thermalized on the surface. At hig
temperatures, around 350 K, the remaining surface spe
desorb.

Qualitatively, the dynamical calculations and the kine
model presented confirm the conjecture that the lo
temperature peak observed experimentally is due to
subsurface-surface hydrogen reaction. However, quan
tively the calculated results do not fit the experimental da

FIG. 24. The calculated TPD spectra for bulk hydrogen deso
tion under the proposed kinetic model. The filled line correspo
to the case where the prefactors of the excited reaction rate
stants are increased by a factor of 100 relative to those of the t
mal reaction. The solid line corresponds to an increase of a facto
10.
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55 10 969HYDROGEN TRANSPORT IN NICKEL~111!
The location of the surface reaction TPD peak is at 230
compared to a higher experimental peak at 350 K. This
crepancy is probably due to the reduced dimensionality
proximations which overestimate the reaction rates. Diss
tion effects, in analogy to their influence on the resurfac
process, can also hinder the recombination reaction.

As for the low-temperature peak, the location is close
that observed in the experiments~180 K!; however, the ex-
perimental results indicate that most of the bulk hydrogen
depleted at this temperature, which, due to the capping e
can only be explained by a very efficient reaction betwe
the hot hydrogen and a desorbed hydrogen. It is seen
increasing the reaction rate by a factor of 100, allowing
correlation effects still cannot explain the efficient depleti
of bulk sites. One possible source for this discrepancy is
effect of occupied neighboring subsurface sites. T
hydrogen-hydrogen repulsion in the bulk can increase
hydrogen metastability in the subsurface site, making
emitted hot hydrogen atoms even hotter. This mechanism
able to explain the efficient reaction rate, and shows that
first TPD peak has the flavor of a transient macrosco
phase transition.

X. OVERVIEW

The long journey through the different possible routes
hydrogen in nickel has been aimed at unraveling the stor
subsurface-surface recombination of hydrogen. The final
ture is still sketchy, and most details are missing. Howev
the framework that has been set supports the experime
evidence for the interesting chemical mechanism involv
bulk hydrogen.2,78 The final kinetic model contains cond
tions for the appearance of an additional low-temperat
TPD peak, attributed to the existence of subsurface hyd
gen.

However, the most interesting stories of the odyssey h
been collected on the way. The combined process is
tremely involved. Rationalizing it requires disassembling
individual events. The unifying factor for all events was t
EDIM potential used for all processes studied. This poten
enabled the identification of stable metastable subsurface
surface hydrogen species. This identification allows us
break up the process into two main parts: the resurfacin
subsurface hydrogen, and recombination desorption.

The resurfacing step conceptually seems simple, a di
transport from one potential well to a lower one in the ene
surface well. A detailed analysis has revealed a convolu
picture, dominated by tunneling. The extreme sensitivity
tunneling to any dynamical or environmental factors can le
investigation astray. As is evident from Table IV, nine d
ferent approximations for the resurfacing process have b
analyzed. The rate calculated by each of the approxima
differs from the previous one by orders of magnitude. Wh
checked, rigorously simple models fail. One source of er
is due to cutting down the dimensionality of the proble
This has been the conclusion of a previous paper,8 which
show the failure of reduced-dimensional approximations
tunneling dynamics. Even the best variationally corrected
method, which includes the perpendicular zero-point ene
overestimates the tunneling at low temperature by a facto
5.
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Even more involved is the influence of the lattice moti
of the heavy nickel atoms on the hydrogen tunneling dyna
ics. The most obvious effect is the casual decrease of
barrier height by the fluctuating lattice. The investigati
started on the naı¨ve assumption that an adiabatic separat
of the fast hydrogen from the heavy nickel degrees of fr
dom is possible. A single-mode representation model of
bath dynamics was constructed to test this hypothesis.
result was a complete failure of the adiabatic separation.
tunneling dynamics was found to be highly correlated. T
lesson learned is that an approximation that is absolu
reasonable for describing majority events of the hydrog
dynamical processes, such as the vibrational motion in
potential well, is inappropriate to describe the minute eve
of tunneling.

The importance of the correlated tunneling motion ga
rise to the suspicion that the naive description of the bath
a single mode is misleading. It was expected that the m
uncorrelated bath modes could destroy the system bath
relation and interfere with the tunneling motion. In order
be able to study such a process, a dynamical descriptio
the bath was developed: the surrogate Hamiltonian appro

The surrogate Hamiltonian approach replaces the infi
many-body lattice dynamics by a representative finite Ham
tonian composed of two-level systems. The success of
method relies on the observation that, for finite time, a co
plete resolution of the energy spectrum is not required.
sampling the spectral density of the bath in an appropr
fashion, the method systematically converges. To obtain
spectral density a molecular-dynamics simulation of the
tice motion was performed based on the same EDIM pot
tial. As expected, the multiphonon bath assists the tunnel
but with a reduced effect compared to the single mode b

Tunneling dynamics with a fluctuating bath coupled on
to the barrier region can be classified as phonon-assisted
neling. In contrast, shaking the potential well of subsurfa
hydrogen via the phonon dynamics has been shown to
hibit tunneling.32 For hydrogen in nickel, both effects ar
operative. The balance between enhancement and sup
sion caused by phonon dynamics is delicate. Only a qua
tative, elaborate approach can determine the total phon
impact on hydrogen tunneling. For the resurfacing dynam
an analysis using the the spectral density calculated along
reaction path has shown that tunneling suppression o
comes the enhancement.

Electronic nonadiabatic effects are are also able to s
press the tunneling. Electronic friction is well established
high velocities. Computations comparing tunneling rates
a single or two-crossing Born-Oppenheim potential-ene
surface shows extreme tunneling suppression in the nona
batic case.79 Nevertheless, calculations using the surrog
Hamiltonian method show only a small effect consideri
the electron density in nickel obtained from the EAM calc
lation.

The tunneling dynamics suggests that there should b
significant isotope effect where the lighter isotope is fas
Conflicting effects can reverse this trend. The tight bott
neck for resurfacing leads to a large adiabatic correction
to perpendicular zero-point energy which favors the hea
isotope. The coupling to the phonon bath is also influen
by the mass ratio. Since these conflicting effects are differ
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for different temperatures, a comparative isotopic study
useful.

Only a comprehensive study of all possible effects on
resurfacing dynamics allows a balanced estimation of
conflicting effects. Quantitatively the combined calculat
resurfacing rate is too fast, predicting that even at zero t
perature subsurface hydrogen will resurface on a time s
of minutes. Experimentally when the surface hydrogen
removed, a clean nickel surface is stable for hours. In or
to evaluate this discrepancy, more quantitative experime
are required, in which the resurfacing rate is measured
function of temperature for both hydrogen and deuterium

The surface recombination reaction leading to desorp
can also be studied independently. The high-tempera
peak at 350 K is attributed to this reaction. This process w
simulated using a quantum-mechanical two degrees of f
dom model. The rate was calculated from desorption re
nances. The location of the calculated recombination p
was at 230 K, deviating from the experimental 350-K res
One explanation for this discrepancy is the neglect of di
pative forces in calculating the desorption rates. The low
energy resonances of the surface reaction mechanism
tunneling states. The tunneling barrier is not coupled dire
to the metal phonons. This precludes a phonon-assisted
neling mechanism which was important in the hydrogen
surfacing dynamics. The role of phonons is therefore limi
to hindering the desorption reaction rate. Another source
inaccuracy is caused by the reduced dimensionality mo
~two degrees of freedom!. Higher-dimensionality calcula
tions yield larger activation energies and lower desorpt
rates.23 A calculation including all the hydrogen degrees
freedom and lattice dynamics is beyond current compu
capabilities.

The reaction of the subsurface hydrogen with a nea
surface hydrogen atom was modeled by an uncorrelated
step mechanism. The first step is the resurfacing of the b
atom. The second step is the reaction of the hot hydro
atom with a neighboring thermalized atom. This neglect
correlation is a source for a large underestimation of
reaction rate, since tunneling is involved. Indeed, it w
found that the reaction rate adopted from the surface des
tion calculation could not explain the existence of the lo
temperature TPD peak.

Emission of hydrogen from the bulk to the surface crea
short-lived hot hydrogen atoms. This model, which expla
the additional reactivity of of bulk hydrogen, is radical
different from the steric model of Johnson, Daley, a
Ceyer.10 This model was used to explain the desorptive
action of bulk H with adsorbed CH3. For hydrogen recom-
bination the steric model seems to be inappropriate. H
ever, for other reactions, it is possible that a combination
steric and energetic effects are responsible for the spe
chemistry of bulk hydrogen in nickel.
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APPENDIX A: ESSENTIALS OF THE SURROGATE
HAMILTONIAN METHOD

The dynamics under study is a multimode coupl
system-bath entity. The bath dynamics and its coupling
the system have to be reduced to a tractable computati
scheme. This task is achieved by constructing a represe
tion of the coupled system which is systematically improv
enabling a study of convergence characteristics. Once
representative wave function has been constructed, the
namics is determined by the expansion of the evolution
erator Û(t)5exp(2iĤt/\) or the Green operato
Ĝ(E)5(E2Ĥ)21 in terms of a Chebychev polynomia
series.80,81The propagation enables a direct extraction of o
servable information.

1. Representation of the coupled system

The system-bath representation is developed through
study of the total Hamiltonian. This Hamiltonian is part
tioned into the primary system’s bare HamiltonianĤs and
the bath HamiltonianĤB, together with an interaction term
Ĥ int , leading to

Ĥ5Ĥs1ĤB1Ĥ int. ~A1!

The primary system Hamiltonian has the form

Ĥs5T̂1Vs~R̂!, ~A2!

where T̂5P̂2/2M is the kinetic energy of the primary sys
tem, andVs is an external potential which is a function of th
system coordinatesR̂. The bath HamiltonianĤB is decom-
posed to an infinite sum of normal modes,

ĤB5(
j

e j b̂j
†b̂j. ~A3!

The index j is a multidimensional index describing a com
plex bath of bosonic modes with energiese j . Finally, the
interaction term is a multiplication of a dimensionless ge
metric functionf (R̂) with a boson modeb̂j

† of potential cou-
pling strengthVj ,

Ĥ int5 f ~R̂!(
j
Vj~ b̂j

†1b̂j !. ~A4!

The operatorsb̂j
† and b̂j are boson-type creation and annih

lation operators, obeying the commutation rules

@ b̂j,b̂j8
†
‡5dj,j 81̂. ~A5!

Equations~A1!–~A4! serve as the starting point of the inve
tigation, but further reduction is required since these eq
tions are too involved to be treated directly. The goal is
assemble a Hamiltonian consisting of a finite number of b
modes, which faithfully represents the dynamics of the p
mary system under the influence of an infinite bath for
finite time.

This goal is achieved by transforming the infinite bos
bath to a simplified finite bath. This is done by examining t
Heisenberg equations of motion for the primary system,
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Ṙ̂5P̂/M ,

Ṗ̂52¹Vs~R̂!2¹ f ~R̂!S (
j
Vj b̂j

†1H.c.D . ~A6!

The bath enters these equations through the following b
operator:

(
j
Vj b̂j

†1H.c.5E AJ~e!B̂†~e!de1H.c., ~A7!

where a creation operatorB̂†(e) for an interaction bosonis
defined

B̂†~e!5
1

AJ~e!
(
j
Vj b̂j

†d~e2e j !. ~A8!

Similar equations exist for the corresponding annihilat
operators. In these equations,J(e) are normalization factors
defined by

J~e!5(
j

uVj u2d~e j2e!. ~A9!

These are needed so thatB̂e
† and B̂e retain the boson com

mutation relations

@B̂e,B̂e8
†

#5d~e2e8!. ~A10!

The Heisenberg equations of motion for the boson opera
are obtained from the Hamiltonian of Eq.~A3! by commu-
tation,

Ḃ̂~e!52 i eB̂~e!2 i f ~R̂!AJ~e!,

Ṙ̂5P̂/M , ~A11!

Ṗ̂52¹Vs~R̂!2¹ f ~R̂!E AJ~e!B̂†~e!de1H.c.

The Hamiltonian which contains the dynamical informati
about these equations of motion is the surrogate Hamilton

Ĥsurr5T̂1Vs~R̂!1E eB̂†~e!B̂~e!de

1 f ~R̂!E AJ~e!B̂†~e!de1H.c. ~A12!

The consequence is that the system bath is fully charac
ized by the normalizing function, often called the spect
densityJ(e). A derivation using path-integral methods lea
to the same conclusion.32

The existence of the spectral density points the way t
convergent method of sampling the bath by a finite num
of modes. A finite bath ofN oscillators is constructed b
requiring a spectral density which resembles, and, in
limit of N→`, converges to, the given spectral density
the full bath. The algorithm of sampling the boson bath
sumes that the given spectral density functionJ(e) is of
finite support, so that there exists an interval of energ
@eo ,ec# outside of which the density is zero. The interval
th

rs

n

r-
l

a
r

e
f
-

s

sampled by selectingN energy points:e0,e1,•••,eN21.
For each energy boson creationB̂m

† and annihilationB̂m op-
erators are defined. The energy sampling specifies a de
of states for the discrete bathr(em)'(em112em)

21. In con-
junction with the spectral density sampling, the density
states imposed determines an effective interaction thro
the relation

Um5AJ~em!/r~em!. ~A13!

The discrete surrogate Hamiltonian therefore takes the
lowing form:

Ĥ5T̂1Vs~R̂!1 (
m50

N21

emB̂m
† B̂m1 f ~R̂! (

m50

N21

UmB̂m
† 1H.c.

~A14!

This construction has the merit that asN increases and the
sampling becomes refined, the dynamical observables
verge.

2. Boson bath as a set of two-level systems

The basic assumption is that the bath temperature is l
An actual dynamical calculation of the system and of t
effective boson bath starts by assuming that no single-m
oscillator is strongly excited. Therefore, each mode is rep
sented by a two-level system~TLS!, leading to a replacemen
of the Boson operators by TLS operators

b̂†→ŝ1 ,

b̂→ŝ2 . ~A15!

Notice that the commutation relations also transform,

@ b̂,b̂†#51→@ŝ2 ,ŝ1#5122n̂, ~A16!

where n̂5b̂†b̂→n̂5ŝ1ŝ2 . Since ^n̂& is 1 for an excited
TLS and 0 otherwise, the violation of the commutation re
tions is small if none of the TLS’s are highly excited.

The numerical implementation of the dynamics of a su
system coupled toN two level systems is best understood
first following the special case of a one modeN51 bath. In
this case the wave function is represented as a t
component spinor

C~R!5S f0~R!

f1~R!
D . ~A17!

The 0 component corresponds to spin-down, and the 1 c
ponent to spin-up. The functionsfm(R) are defined on
equally spaced grids, although other representation te
niques are possible. TheR-independent spin operators a
pearing in the Hamiltonian are represented as 232 matrices
in the two-component vector space

b̂†5S 0 0

1 0D , b̂5S 0 1

0 0D , n̂5b̂†b̂5S 0 0

0 1D .
~A18!

For the generalN oscillator case, a wave function is repr
sented as a spinor of 2N components bit ordered. This mean
that themth component represents a spin arrangement de
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mined by the 1’s~spin-up! and 0’s~spin-down! in its binary
representation. Each componentfm(R) is defined on the
equally spaced grid. The Fourier method80,81 is used for the
representation of the system operators.

The wave-function representation is designed to perfo
sums of spin operators efficiently. The algorithm for app
ing the number operator for thekth spin, n̂k, on the wave
function C, consists of multiplying the componentfm by
thekth bit of the binary representation of the integerm ~0 or
1!.

Application of the operator( jVj (R)b̂j
† is performed by

using recursion. The recursion is understood by studying
structure of the matrix representation of the interaction
erator, although this matrix is never actually computed
stored.

The recursive form of the matrix can be generally d
scribed as follows. The 2N32N matrix VN defined by

VN5S VN21 VN211N22

VN21* 1N22 VN21
D . ~A19!

The definition is recursive, with1m being the 2m32m unit
matrix andVN5050. The operatorVN consists of only diag-
onal operations, reducing the numerical effort to a quasi
ear one (M logM), in the number of spinor componen
(M52N).

3. System-bath dynamics

The primary system is represented by the Fou
method,80–82 enabling multidimensional systems to be an
lyzed with no restriction on the potential shape. Extract
dynamical information on the system requires propagation
an initial wave function by applying the evolution operato

C~ t !5Û~ t !C~0!5e2 i Ĥt/\C~0!. ~A20!

The time dependence of the expectation value of any op
tor is determined by

^Â~ t !&5^C~ t !uÂuC~ t !&. ~A21!

The evolution operator or the Green’s-function operato
expanded by a series of Chebychev polynomialsCn(Ĥ),
where Ĥ is the Hamiltonian operator linearly scaled a
shifted so that its spectrum is in the range$21,1%.81,80 The
expansion coefficients are functions oft for the evolution
operatorÛ(t) or of E for the Greenian operatorĜ(E). The
propagator technique is also used to construct the initial s
for the calculation. Propagating in imaginary time lea
eventually to the fully correlated ground state of the co
bined system-bath entity.83 By employing a filter-
diagonalization method,84,8other eigenstates can be extract
directly. Thermal observables are obtained by Boltzma
weighting the results from the individual calculations.

APPENDIX B: STATIC BARRIER MODEL

The static barrier model is based on the adiabatic sep
tion between the fast hydrogen motion and the slow lat
motion. This leads to an ansate for the total eigenstate w
function,
-

e
-
r

-

-

r
-
g
f

a-

s
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C~R,Z!5(
n

xn~R!fn~Z;R!. ~B1!

The tunneling eigenstates are calculated for everyR configu-
ration, by solving the one-dimensional tunneling

Ĥ~Z;R!fn~Z;R!5@En~R!2 iJn~R!/2#fn~Z;R!, ~B2!

whereEn is the energy of the tunneling state andJn is its
tunneling rate. In this equationR is treated as a paramete
For deep tunneling, it is assumed that thefn wave functions
are orthonormal,

^fnufm&5dn,m . ~B3!

These results are inserted into the total Schro¨dinger equation.
Integration over theZ coordinate, neglecting the derivative
of fn(Z;R) with respect toR ~the adiabatic approximation!,
leads to a Schro¨dinger equation for the heavy oscillator:

S T̂R1
1

2
msvs

2R2Dxn,m~R!1@En~R!2 iJn~R!/2#xn,m~R!

5en,mxn,m~R!. ~B4!

Here an indexm was added to identify the various solution
of the heavy-oscillator wave equation. Since the coupling
localized on the potential barrier, one finds a very small
pendence ofEn on R ~only a minute part offn,m is on the
barrier!; hence this dependence was neglected. These
proximations lead to a simple product form for the to
wave function

Cn,m~R,Z!5xn ,m~R!fn~Z;R!, ~B5!

where the real part of the energy levels becomes

en,m5~ 1
2 1m!\vs1En . ~B6!

The tunneling rate is given approximately by averaging
Jn over the total eigenstate:

Jn,m5E uxn,m~R!u2Jn~R!dR. ~B7!

The thermal tunneling rate is obtained by Boltzmann aver
ing of Jn,m . The final result can be written as

J~T!5E P~R,T!J~R,T!dR, ~B8!

whereP(R,T)5e2R2/2s2/A2ps is the thermal position dis-
tribution function of the heavy oscillator with
s25(\/2msvs)coth(\v/2kBT), the variance of a thermali
zed harmonic oscillator; andJ(R,T)5z21(ne

2bEnJn(R) is
the adiabatic thermal tunneling rate for a given positionR of
the heavy oscillator, where z5(nexp(2bEn) and
b5(kBT)

21.
This expression was obtained using two basic assu

tions. The first is the adiabatic approximation, while the s
ond is the neglect of the dependenceR.
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APPENDIX C: SPECTRAL DENSITIES
FROM MD SIMULATIONS

The results of MD calculations serve as a basis for qu
tum dynamical modeling of the resurfacing rates. This link
made through the concept of spectral density.

In the surrogate Hamiltonian method the interaction w
the lattice phonons is determined by letting the lattice
ecute a classical MD motion, and monitoring the variation
the hydrogen potential during as a function of time. T
following general form for the Hamiltonian of the few mu
timode baths can be written as:

Ĥ5T̂1Vŝ~Z!1(
i ,k

~p2/2mi ,k1mi ,kv i ,k
2 xi ,k

2 /2!

1(
i
f i~Z!(

k
Ci ,kxi ,k , ~C1!

where the connection with Eq.~6.1! is through the relations
Vi ,k5Ci ,k /A2mi ,kv i ,k and e i ,k5\v i ,k . The functions
f i(Z) are dimensionless functions of the hydrogen positi
The spectral density is given by Eqs.~6.2! and ~6.4!. The
total spectral density is determined by the molecul
dynamics simulation of the free crystal motion at a low te
peratureT. At every time step, the potentialV(t,Zl) of the
hydrogen atom is determined for a series of locationsZl
along the reaction coordinate,

D~ t,Zl !5V~ t,Zl !2Vs~Zl !, ~C2!

whereVs is the adiabatic potential for the hydrogen motio
Under the composite bath model the recorded function is

D~ t,Zl !5(
i
f i~Zl !(

k
Ci ,kxi ,k . ~C3!

The analysis is based on the Wiener-Khinchin theorem.
finite Fourier transform of the difference function is defin
by

U~Tf ,v,Zl !5E
0

Tf
D~ t,Zl !e

ivtdt, ~C4!
. T

e

-
s

-

.

-
-

.

e

where,Tf is the simulation time, chosen to be long enoug
The Fourier transform of the autocorrelation functio
CD5^D(t,Zl)D(0,Zl)&5Tf

21*0
TfD(t1t,Zl)D(t,Zl)dt be-

comes

CD~Tf ,v,Zl !5~1/Tf !E
0

Tf
dteivtE

0

Tf
dtD~t,Zl !D~ t1t,Zl !

5uU~Tf ,v,Zl !u2/Tf . ~C5!

On the other hand, the Fourier transform of the autocorre
tion CD(v,T,Zl) is directly related to the sums of spectr
density functions, as shown by analyzing the autocorrela
function of the harmonic oscillator,

CD~ t,Zl !5(
i

u f i~Zl !u2(
k

uCiku2^xi k
2 &cos~v i ,kt !

5(
i

u f i~Zl !u2(
k

\uCi ,ku2

2mi ,kv i ,k
coth~b\v i ,k/2!

3cos~v i ,kt !, ~C6!

where the quantum-mechanical expression was used for
autocorrelation function of the harmonic oscillator in therm
equilibrium at the inverse temperatureb. The Fourier trans-
form of this expression~for largeTf) is then connected with
the sum of spectral densities

CD~Tf ,v,Zl !5p\coth~b\v/2!(
i

u f i~Zl !u2Ji~\v!

3 lim
Tf→`

uU~Tf ,v,Zl !u2

p\Tf
tanh~b\v/2!.

~C7!

The sum of spectral densities obtained this way is shown
Fig. 18 for some of the chosenZl values.
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