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The intricate dynamics of hydrogen on a nick&ll) 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 fq@@1.63-18207)09216-3

I. INTRODUCTION The present study was initially aimed at elucidating the
dynamics involved in surface-subsurface hydrogen recombi-
Hydrogen has a strong affinity for nickel, leading to the nation, and to seek theoretical support for this special hydro-
use of nickel as a heterogeneous catalyst for hydrogenatiagenation mechanisi.It was soon appreciated that unravel-
reactions. When a hydrogen molecule approaches the nickelg the reaction mechanism would require a complete
surface it readily dissociates and adsdrghen atomic hy- assessment of a variety of hydrogen dynamical processes in
drogen approaches the surface it primarily adsorbs on thihe nickel host. The light mass of hydrogen emphasizes
surfaces, but a minority is absorbed into the crystal Bdlk. quantum effects. The dominant phenomenon is tunneling. To
Once adsorbed or absorbed, the hydrogen may wander on tgain insight into the process, a critical evaluation of theoret-
crystal surfact&™® or plunge into the bulk. This motion in- ical approaches to many-body tunneling phenomena is re-
volves crossing potential-energy barriers which separate thguired. The failure of simple approximations has led to the
various interstitial and adsorption sites. Thus hydrogen modevelopment of theoretical tools for the assessment of tun-
tion in nickel involves activated transport which, at low tem- neling in dissipative environments. The odyssey of the
peratures, is controlled predominantly by tunnelffig. present study finally returned to the original problem of
When a cold nickel crystal containing hydrogen is heatedsubsurface-surface recombination, indicating the conditions
molecular hydrogen is ejected into the gas pHase'’For  which enable the existence of such a process.
nickel crystals which have been exposed to molecular hydro- Previous theoretical efforts for hydrogen on nickel have
gen, recombinative desorption takes place at high temperdecused primarily on determining the adsorption probabili-
tures, peaking at 350 K. However, for crystals which haveties on a frozen crystal*? Theoretical treatments of other
been exposed to atomic hydrogen, a recombination is obhydrogen-metal interactions have also concentrated on ad-
served at lower temperatures of 180—200 K, in addition tosorption, the assumption being that detailed balance can ex-
the peak at 350 K. These findings suggest that lowplain the experimental desorption resdfts!® This approach
temperature desorption is due to a recombination of subsucan, in principle, yield desorption-product state distributions
face and surface atomic hydrogen species. when the multimode character of the metal host is not
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coupled to the reaction transition state. This is probably then approach to the problem of diffusion in metals. One of its
case for the H/Cu system”*® However, for recombination benefits is that it is fully quantum mechanical. The approxi-
of a subsurface hydrogen with a surface hydrogen, the reacnations used by this method are different than those used by
tion transition state is strongly influenced by the motion ofthe small curvature reaction path methdts.
the metal atoms, and detailed balance considerations cannot Explicit multimode bath dynamics is also treated using
yield a simple description. path-integral approaché$.Recently, direct real-time path-
Most of the theoretical effort has been devoted tointegral approaché$®*have been developed, but these have
H,/Cu adsorption, which has become the benchmark systemot yet been used for analyzing atomic diffusion on metals.
for activated gas-surface dynamics. Detailed and accurateath centroid transition state meth&ds’ supplemented by
adsorption/desorption experiments, performed by Rettnemolecular-dynamics simulatiotfs*? were recently used for
Michelsen, and Auerba¢h?®for H,/Cu, have stimulated ex- assessing the low-temperature diffusion rates of atomic hy-
tensive theoretical work:?? A few of the experimental fea- drogen on nickel. Such indirect schemes are complementary
tures are understood, among them vibrational-assisted sticke the direct propagation method employed here. For diffu-
ing and rotational effects. These studies show that theion in a perfectly periodic environment a direct band motion
dynamics of adsorption, even with a few degrees of freedomanalysis has been employ&*®> However, for the tempera-
is complex, where steering effects and barrier locations havtures addressed here, such a treatment is inadequate, due to
a strong impact on the dynamical behavior. the destruction of coherent tunneling caused by crystal vibra-
The benchmark system for nonactivated adsorption is théions and nonadiabatic interactiotfs!’
hydrogen/Pd system, for which adsorption probabilities were Energy loss to phonons in gas-surface scattering, and its
calculated by Grogs for the six degrees of freedom of the assistance to sticking, has also received much attention. Most
two hydrogen atoms. This work showed that surface corrustudies have employed classical dynaniftS,which is suit-
gation has a role in determining adsorption probabilities. Deable for heavier elements than hydrogén Some semiclas-
sorption state distributions were calculated by Gross for theical method¥® and quantum-classical treatmefits®
experimental temperature. have also been used. A pure quantal calculation for inelastic
One of the important conclusions from the various theo-energy transfer and sticking probabilities was developed by
retical investigations is that reduced dimensionality treat-Stiles, Wilkins, and Perssdhand Jacksorf The approach is
ments predict higher probabilities compared to those of fulbased on a one-phonon model, suited for direct, short-time
dimensionality, for example, the resurfacing of bulk hydro-interactions, where the simultaneous excitation of several
gen defined as the transport from a subsurface to a surfagdonon modes may be neglected.
site® In this case the reaction-path one-dimensioffdD) The tour through the different approaches to hydrogen-
rates differed by two orders of magnitude from the full 3D metal encounters eventually has to return to the original
rates. This is due to the extreme sensitivity of the tunnelingoroblem. The unique subsurface-surface reaction mechanism
process to any feature of the system. A similar discrepancygmounts to a direct encounter between bulk hydrogen and
between 2D and 3D results, is observed for Pd surface persurface hydrogen atoms steered by the nickel atoms. It seems
etration by atomic hydroge#f.Sticking probabilities also ex- that only such a mechanism is able to explain the low tem-
hibit a large sensitivity to reduced dimensionalfify. perature peak in the thermal-programmed-absorpfid?D)
The system under study is the low-temperature dynamicexperiments. A dynamical model able to explain these results
of hydrogen within the metal bulk and on its surface. Thehas to include explicitly dynamics lattice.
difficulty in setting up a dynamical framework for the in-  The rate-limiting step in such a model is the transport of
volved processes stems from the combination of the manythe subsurface hydrogen to the metal surface which will be
body aspect of the interactions, and from the quantum natureermed resurfacing. It is known from experiment that hydro-
of hydrogen dynamics at low temperatures. Though direcgen contained in a cold metal resurfaces on a time scale of
calculations of up to six dimensions are possfilehey are  hours® This is in contrast to the resurfacing time calculated
not sufficient to capture the role of other degrees of freedony using a frozen lattice which employed the embedded atom
in the system. Two types of many-body effects need to bgotentiaf® (EAM), found to be of the order of second$he
addressed: First, the interaction of an adsorbate with the phaliscrepancy between the experiment and the calculation of
non modes of the crystal motion, and second, the nonadig2—3 orders of magnitude suggest that either the barrier struc-
batic interaction with the conduction electrons of the metal.ture predicted by the EAM is wrong, or that resurfacing rates
Vibrational line shapes of adsorbed hydrogen, originatingare highly affected by either nonadiabatic effects or the crys-
from nonadiabatic interactions, have been investigated btal motion or by both. As will be shown in this study, the
Persson and Hellsing:?® For heavier molecular species, dissipative forces indeed are strong enough to explain the
such as CO on Cu, the nonadiabatic and phononic line broadliscrepancy.
enings were addressed by Head-Gordon and Fif#§using The most obvious role of the phonon motion is its influ-
molecular-orbital theory and classical dynamics. ence on the barrier height and width. The motion enhances
Hydrogen diffusion on metals influenced by many-bodythe tunneling, and is known as phonon-assisted diffusion.
forces has been studied by the canonical variationaSuch an effect can naturally be taken into account by a sud-
transition-state theory with small curvature tunnelingden approximation, exploiting the nickel-hydrogen large
correction?®”3° These approaches are reasonably adequat@ass ratio. It will be shown that the simplest approach of
for overbarrier diffusion. For low temperatures the quality of adiabatic separation leads to gross errors in estimating the
the approximation depends on the validity of the neglectedunneling rates.
nonadiabatic curvature couplings. The present work develops The phonon motion can also induce a loss of coherence
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which acts to deplete the tunneling ratéd’he relative im-  suited for MD simulations since calculation of the forces
portance of phonon assistance and hindrance must be ascegquires only a small additional effort to the calculation of
tained quantitatively. In this study the surrogate Hamiltonianthe potential.
method is used to treat the many-body effétsee Appen- More recently, Truong, Truhlar, and Garféttieveloped a
dix A for a short description. Approximately three different similar approach termed “embedded diatomics in mol-
“phonon baths” are necessary to define the interaction withecules” (EDIM). The approach was used for the investiga-
the resurfacing hydrogen atom. The combined effect of thesgon of single, two, and three hydrogen atoms interacting
baths reduces the tunneling rate by as much as two orders wfith a nickel surface. The agreement between these calcula-
magnitude. tions and other theoretical as well as experimental studies
The surrogate Hamiltonian is also employed to study thevas very satisfactory. For a single hydrogen interacting with
non-adiabatic electron-hole pair excitations. For this specifithe metal surface, the EDIM is similar to the EAM. There are
system the reduction of the tunneling rate is small. a number of differences related to the functional form of the
The final process analyzed separately is the recombinatioglectrostatic repulsion terms. Moreover, in the EDIM ap-
of two hydrogen atoms leading to JHdesorption. Only a proach there is a distinction between the screening constants
limited study is possible due to the high dimensionality ofused in the calculation of electron orbitals located on surface
the process. The temperature dependence of the tunnelirgnd bulk atoms. For a larger number of hydrogen atoms,
rates shows a universal character where, at low temperaturBES’s are calculated by the diatomics in molecule formalism
the rate is temperature independent, and where, above vehere the H-surface ground and excited potential are calcu-
crossover temperature, it changes to an Ahrenius relation. lated by using an EAM-type procedufas for a single H
Finally all these processes are combined in a kinetiatom.
model simulating the temperature program desorption ex- In the present study, the EDIM approach was adopted. It
periments. Qualitative conditions where the subsurface hywas used to evaluate the interaction potentials in all the
drogen recombines with a surface hydrogen at lower temelassical- and quantum-mechanical studies described below.
perature than two surface hydrogen can be found. The parameters were adopted from Ref. 63. The potential
along a cut leading from the subsurface to surface site was
compared to arab initio calculation based on a Gaussian
DFT method. The differences were less than 0.02 eV. The
In the intricate dynamics of hydrogen with a nickel crys- potential is designed to give the correct asymptotic descrip-
tal, the potential-energy surface plays a key role. Theion of the H, molecule. In the following two subsections a
potential-energy surface is the basic entity from which thebrief description of the the H/NL11) and H,/Ni(111)
forces are derived in a molecular-dynamibD) simulation.  potential-energy surfaces will be discussed.
It also governs the wave-function dynamics in a quantum
calculation. The main difficulty for the MD simulation task A. PES for a single hydrogen atom near Nj111)
is the large number of participating atoms which require a
calculation of the forces for all atoms. This means that coms
putations of large systems are possible only if the evaluatio
of the potential-energy surfacES is simple and eco-

Il. POTENTIAL ENERGY OF THE H/NI (111) SYSTEM

The Ni(111) surface exhibits four high symmetry adsorp-

tion sites: on-top, bridge, and two threefold sites. These
threefold sites differ by the position of the second-layer
nickel atoms. The fcc threefold site has a nickel atom right

norgic. decad D 4 Bak d below it, while the hcp threefold sit@lso termed threefold
Ver a decade ago, bDaw and BaskgFoposed an ap- qq,y site) has a nickel atom only in the third layéFig. 1).

pro_ach, t_he EAM_, _for calculating the_ PES Qf hydrogen inter- The EAM and EDIM (Refs. 60 and 68 calculations
actlng_wnh trans_|t|on_r_netal surfacege., Ni and Pl The . showed, in agreement with experimental results, that the
EAM is a semiempirical method based on the density1,yast H/Nj111) binding is obtained for the threefold hol-
func'qonal th_eor)ﬁ. In the EAM, the total energy of the sys- low (hcp site. The differences between the binding of the
tem is described by hydrogen to this site and the other high-symmetry sites was
quite small(in the range of 0.03—0.3 kcal/mold.arger dif-
ferences were obtained for the vibrational frequencies asso-
E= 2 Fi(p(h, '))+ ; i (R(L1), @D ated with these four adsorption sites.

The present study focuses on the dynamics associated
whereF;(p(h,i)) is the embedding function of atoimn the  with the emergence of subsurface hydrogen onto the metal
electron density of the neighboring atoméh,i), and¢; jis  surface(a phenomenon termed “resurfacing’A cut of the
a pairwise electrostatic repulsion term which is cast into arPES of a hydrogen atom in a plane normal to the surface and
analytic function characterized by a number of parametersalong one of the parallel directions is shown in Fig. 2. Here
These parameters, together with the embedding functionshe negativeZ values correspond to the subsurface positions
are determined semiempirically by requiring that characterof the hydrogen atom. As can be seen in the figures, the most
istics of the solid-hydrogen system be reproduced by thetable subsurface site for hydrogeriiA below the threefold
EAM potential. The quantities used are lattice constant, elashollow site. The binding energy at this octahedral subsurface
tic constants, sublimation energy, vacancy formation energysite is approximately 0.5 eV smaller than at the threefold
and the energy difference between the bcc and fcc phasesollow site on the surfacésee the inset in Fig.)2Thus the
The EAM results in a very close agreement between theubsurface sites are metastable potential-energy wells. When
calculated and experimental values for H/Ni and H/Pd systhe zero point energies are taken into account this difference
tems. In addition to its accuracy, the EAM is especiallyincreases.



55 HYDROGEN TRANSPORT IN NICKEL(111) 10 955

subsurface
hydrogen

FIG. 1. The N{111) surface and the positions of the hydrogen

to the threefold hollow site, and the other is via a neighbor-

ing tetrahedral subsurface site, which finally surfaces at the
threefold fcc site. Along the first route, the H atom has to

overcome an energy barrier of approximately 0.6 eV. On the
second path the energy barrier is approximately 1.6 eV. Such
a large difference in barrier heights suggests that the only
practical way for the hydrogen to resurface is via the direct

route leading from the octahedral to the threefold hollow

site.

The thermal motion of the lattice atoms may result in a
slight “opening” of the hexagonal structure, which tempo-
rarily lowers the energy barrier for the surfacing motion.
This possibility is shown in Fig. 3, where a cut of the mini-
mal potential-energy path along the perpendicdadirec-
tion is shown. When the surface Ni-atom triad are symmetri-
cally displaced, increasing their mutual separation, the
barrier for hydrogen surfacing is significantly reduced. Note
that the stability of the metastable potential well is also in-
creased as a result of this motion. These energetical aspects
of the lattice motion will be addressed in the sections con-
cerning the hydrogen atom dynamic®e Secs. V and VI

B. PES of the interaction between two hydrogen atoms
and Ni(111)

atom. The surface hydrogen in the picture is located in a threefold The binding energy of two hydrogen atoms to two neigh-

hollow (hcp sitg.

boring threefold sites on the surface is approximately 2.6 eV
per H atom. Hence, in the event of recombinative desorption

There exist other subsurfadleulk) sites for the hydrogen of two hydrogen atoms, 5.2 eV of energy has to be supplied
atom, the one below the threefold fcc surface site being ato break the H-surface bonds, while only about 4.7 eV are
example. However, the octahedral subsurface site is the mogtined in the creation of the Hbond. As a result, the de-
stable position for the H atom below the surface and in thesorption process is endothermic by approximately 0.5 eV. A
bulk. This agrees well with the experimental data and withcut in the six-dimensional PES describing a recombinative

other calculation&3

desorption process of two surface hydrogen atoms is shown

Inspection of the PES in Fig. 2 shows that the subsurfacen Fig. 4.
hydrogen at the octahedral site can resurface by following In Fig. 4 the PES as a function of the H-H separation
two main paths. One is the direct pathway leading upwardand the H center-of-mass—surface-normal distanteare

surfacg site
~

FIG. 2. The EDIM-based po-
tential energy surface of hydrogen
in nickel as a function of the dis-
tance from the metal surface&)
and parallel to the surface coordi-
nate (X). The low potential pas-
sageways intertwining among
high-potential-energy mountains
of the metal atom cores are clearly
observed. The inset focuses on the
most stable subsurface site, the
threefold octahedral site, which is
metastable with respect to the sur-
face binding hcp and fcc binding
sites. The H atom tunnels from it
to the surface through a potential-
energy barrier. The potential dif-
ference between two adjacent con-
tour lines in the figure is 0.1 eV.

subsurface site
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subsurface hydrogen
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27 , j ‘ : : FIG. 4. A two-dimensional potential-energy surface contour
~19 -14 -09 -04 0.1 06 map for the recombination of two surface hydrogen atoms. The
7 nuclear separation between hydrogens i&\), and the center of

mass distance from the nickel surfaceziA). A flat orientational
angle of the H-H axis from the surface has been chosen. The double
adsorption well of the two hydrogen atoms is 5.2 eV deep. The
reaction path leads to the ;Hmolecular well 4.72 eV in depth.
ransversing a sketchy reaction path, the system encounters a high
otential barrier, and exhibits an overall desorption endothermicity.
his explains the high-temperature needed to desorb surface hydro-
gen in a TPD experiment+350 K). The potential difference be-
tween adjacent contour lines is 0.2 eV.

FIG. 3. Top: Views of the nickel atoms at their lattice points
(right) and of an open nickel trianglgeft). Below: The correspond-
ing reaction path potentials for hydrogen. These paths have be
adiabatically corrected for the perpendicular mode zero-point ener-
gies. The open configuration was obtained from a MD simulation a
90 K corresponding to the lowest barrier in a 10-ps simulation
period.

shown. The endothermicity of the desorption process, as well
as a potential barrier for adsorption of 0.17 eV along theby the crossing of a 1.2-eV potential barrier. This high bar-
reaction path, can be clearly seen. These two factors explaitier is expected to yield a high recombination temperature,
the relatively high temperaturé850 K) needed to desorb and, therefore, this pathway can be discarded when consid-
hydrogen from a Nil11) surface. It should be noted that the ering the temperature decrease in the TPD peak due to sub-
Ni(112) surface is quite flat; hence the energy barriers asscsurface hydrogen.
ciated with surface diffusion between adjacent sites are The other possible reaction path of subsurface-surface re-
small. combination reaction involves a surface hydrogen atom ini-
When subsurface hydrogen is present in the metal, ther@ally located in the nearest threefold fcc site. The energetics
arises another route for hydrogen recombination: a reactionf this reaction are demonstrated by using a sequence of four
among surface and subsurface hydrogen atoms. This possidts of the potential-energy surface, as shown in Fig. 6.
bility was conjectured by Johnsaet al? after observing, in The PES cuts in Fig. 6 represent the variation of energy as
the presence of subsurface hydrogen, a TPD peak at 180 I.function of the H-H separation in a direction parallel to the
This lowering of the desorption temperature can be exsurface and the position of the subsurface hydrogen along the
plained by the fact that subsurface hydrogen is less stablgurface normaZ,. Negative values of represent subsurface
than surface hydrogen by about 0.6 éxcluding the per- positions. Each of the four cuts corresponds to a different
pendicular mode zero-point energieghus reducing or height of the surface H above the surface plade=0.7,
eliminating completely the endothermicity of the reaction.0.9, 1.1, and 1.7 A These results clearly show that the re-
However, the reaction must be direct to prevent quenchingction path is curved, with a desorption barrier of approxi-
by dissipative effects. Therefore, the two hydrogen atomsnately 0.65 eV. As will be shown in the next sections, sig-
must be neighbors. nificant tunneling rates of subsurface hydrogen can be
One case that deserves attention is the nearest neighbachieved at the experimental desorption TPD temperatures.
reaction, where the surface atom is situated in the threefold The relative magnitudes of the energy barriers for desorp-
hollow site directly above the subsurface hydrogen atom. Aion along these two pathways suggest that the dominant
cut of the potential-energy surface for this type of reaction isroute is the second one. Moreover, the occupation of the
shown in Fig. 5. It is seen that this reaction is possible onlythreefold hollow sites on the surface by adsorbed hydrogens
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prevents the emergence of subsurface H through the octahe-
dral site onto the surface. Thus the surface hydrogen at the
hcp sites serves as a cap to the resurfacing process. Further
discussion of the dynamics associated with this desorption
process will be presented in subsequent sections.

Ill. MOLECULAR-DYNAMICS SIMULATIONS

Insight into the intricate dynamics of hydrogen in the
nickel crystal is gained by molecular-dynamics simulation.
However, the MD simulations cannot by themselves describe
the complete story of hydrogen resurfacing and recombina-
tion. The phenomenon is a low-temperature one and, due to
hydrogen tunneling, requires a quantum-description. Yet a
guantum-mechanical calculation becomes prohibitively ex-
pensive when the many-body aspect of the crystal motion
coupled to the quantum tunneling is considered. Therefore, a
combined strategy is used in which information gained from
the classical MD simulation is incorporated into a reduced
dimensional quantum calculation, as will be described in
Secs. V and VI. Tunneling rates are exponentially sensitive
to the potential barrier height, which is determined by the
positions of the adjacent nickel atoms. Thus, for calculating
the resurfacing rates, it is essential to determine the distribu-
tion of barrier heights during the thermal motion of the crys-

FIG. 5. A two-dimensional potential-energy surface contourtal. The results of such a simulation are shown in Secs. V A
map of the recombination of a subsurface hydrogectahedral and VI.
site) with a surface hydrogen atom at a threefold hollow site. The
nuclear separation between hydrogens fsand the center of mass

distance from the nickel surface BA. The H-H axis is perpen- A. Molecular-dynamics setup
dicular to the surface in this cut. The potential difference between |n all MD simulations described in this study, the nickel
adjacent contour lines is 0.2 eV. solid is represented by a slab of six movable layers, 24 atoms

FIG. 6. A sequence of two-
dimensional potential-energy sur-
faces for the recombination of sur-
face and subsurface hydrogen
atoms. The surface hydrogen atom
position Z, is fixed at(a) 0.7 A,
(b) 0.9 A, (0) 1.1 A, and(d) 1.7 A,
above a fcc threefold surface site.
The lateral nuclear coordinate of
the secondoriginally subsurface
H atom isX, and its distance from
the nickel surface iZ,. Notice in
(d) the appearance of the H
potential-energy well. The poten-
tial difference between adjacent
contour lines is 0.1 eV.
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each, together with two identical but fixed layers, which are Inspection of the time evolution of the actual trajectories
situated below the six mobile layers. Periodic boundary conshows that the hydrogen atom always penetrates into the
ditions were imposed along the directions parallel to the sursubsurface region. The rate of energy loss is very slow due to
face. This slab, representing the solid surface, was attachede mass mismatch, and, therefore, the hydrogen atom under-
at the bottom layer to 24 fictitious particles representing thegoes many collisions before it comes to rest in a locally
heat dissipation into the rest of the solid. The motion of thestable site. This site may be either on the surface or in the
fictitious particles was governed by a Langevinbulk. It should be noted that most of the trajectories were
equatior?*6°48:66.67|ntegration was performed by a third- terminated due to the fourth termination condition. Thus the
order predictor corrector methéi,using 1-fs time steps. values of Protin) presented above serve only as upper limits
Such a short time step was required in the hydrogen penetréer the bulk hydrogen formation probability. The order-of-
tion calculation because of the large accelerations of the Hnagnitude discrepancy between the calculated and
atom as it approaches the solid surface from the gas phaseneasuretl Prok(in) values indicates that a large fraction of
the hydrogen atoms defined in the simulation as bulk hydro-
gen will emerge on the surface at later times. In addition, the
B. Hydrogen-atom penetration into the solid accumulation of bulk hydrogen may also result in a reduction

One of the experimental procedures to introduce hydro®f Proiin) values due to a blockage of the pathway for fur-
gen into the bulk metal is by exposing the crystal to a flux ofther hydrogen penetration. This effect was not examined in
hydrogen atom&2°3The process was simulated by MD cal- the present calculations. In the simulations described above
culations with the purpose of examining its efficiency. Theth€ only dissipation mechanism considered was energy loss
initial conditions for the simulations sampled thermal hydro-t© the phonon bath of the solid. o _
gen atoms moving toward a threefold hollow or toward a Another possible route of energy dissipation is the exci-
threefold fcc site on the surface. In each simulation 250 trat@tion of metal electrons. To examine the importance of this
jectories were calculated where the termination condition§hannel of energy loss, additional calculations were per-
were as follows{1) the hydrogen atom was inside the solid, formed in which eIeptromc fnpnon and the correqundmg
with a kinetic energy of less than 0.5 eX2) the hydrogen rancjom force were mclu_dgd in the hydrogen equations of
atom was above the surface, with a kinetic energy of les§0ton. The ele_ctronlc friction Wezsé computed according to
than 0.7 eV{3) the hydrogen atom was scattered back to th¢h® method of Li and Wahnstrofi:

gas phase; an@) the trajectory time exceeded 25 000 inte- The probability of forming subsurface and bulk hydrogen
gration stepg25 ps. for the two types of target surface sites was found to be 0.54

Conditions(1) and(2) above correspond to bulk and sur- for the threefold hollow site, and 0.31 for the threefold fcc

face hydrogens, respectively. Universally in all trajectoriesSite- These results show quite a different behavior than those
calculated, the hydrogen atom is captured by the metdiescribed above. For the threefold hollow site, Rirgbin-
phase. As the hydrogen atom approaches the solid, it p&reased by about 25%, ||_1d|cat|ng that the more efﬂc_:lent en-
comes accelerated by its strong attraction to the surface. THEOY loss of the penetrating hydrogen atom results in an in-
translational energy gained by this acceleration2(6 e\) ~ crease of subsurfacéulk) population. On the other hand,
allows the hydrogen to cross the energy barrier between th@" the threefold fcc site a large reduction in the probability
surface and bulk£0.9 eV) easily. After the hydrogen atom ©f forming bulk hydrogen was observed. This marked de-
penetrates the solid it executes a large number of collisionS'€@se in the magnitude of Piab for this site is due to the
with the Ni atoms before it reaches termination conditions/arge frictional forces induced on the penetrating hydrogen
The large difference between masses of hydrogen and nick8om during its passage through the high electron density

restrict energy transfer from the hydrogen atom to the bulk"€gions near the subsurface Ni atom. _
Four sets of calculations were performed in which the We conclude by emphasizing the importance of electronic
target site on the surface and the incidence amglgolar excitations d_unng t_he penetration o_f hy_drogen into a metal.
angle of the hydrogen were varied. The probability of the For the rellat[vely hlgh k|r_1et|c energies involved, the rate pf
hydrogen atom penetrating the solid and remaining in th&nerdy_ dissipation is linear with the hydrogen kinetic

9,70 0
bulk, Prokin), was found to be independent of the target site€nergy?>’® As a result, the electrons are able to dissipate

on the surface. The probability of forming subsurface ancdEnergy of fast penetrating hydrogen effectively, causing trap-
bulk hydrogen was 0.43 for the threefold hollow and 0.42 forPing. The influence of electronic friction on the tunneling
the threefold fcc. In addition, a very weak dependence ofnotion will be considered in Sec. VII.

these probabilities on the incidence angign) was found.
The change off from 0° to 30° yielded penetration prob-
abilities of 0.45 and 0.43 for the two target sites, respec-
tively. These changes in Proh) are smaller than the error in
the simulations, hence Prb) is practically independent of

6. The conclusion from these simulations is that Rimmbis By examining the potential-energy surface, it becomes
relatively insensitive to the nature of the target site and thebvious that the resurfacing, and therefore the recombinative
incident angled of the H atom. Since none of the hydrogen reaction, involves tunneling. Specifically the tunneling route
atoms were scattered back to the gas phase, the probabilitiess of a hydrogen atom from an hcp subsurface site to the
for finding the hydrogen adsorbed to the nickel surface arsurface. It is well established that tunneling is extremely sen-
given by the fraction needed to complete the above probsitive to almost any parameter of the system, and hence re-
abilities to unity. quires a very careful analysis. The first step in such an analy-

IV. RESURFACING DYNAMICS I:
ADIABATIC HYDROGEN TUNNELING
IN A FROZEN NICKEL LATTICE
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10" Wonchoba, Hu, and TruhldrComparing hydrogen to deu-

0 terium in Fig. 7, it is observed that the tunneling from the
~ 10 : ,f.. ground state of deuterium is two orders of magnitude lower
= 10 SR * than for hydrogen, and that the density of tunneling states is
o s T, higher.
< 10 PR . . . . . .

c‘“ oL e The validity of the reduced dimensionality approximation
a0 10’ . ’: N for the tunneling rates was checked in Ref. 8. It was found
5 10" . 3 RV that these approximations overestimate the tunneling rate by
2 . ‘ 15‘&0 z‘&f orders of magnitude. The best of the examined approxima-
g 10" e - tions was found to be the vibrationally adiabatic approxima-
= s e e3D-H . . . .
) 107 O - -3 ID/VAA- tion (VAA), which overestimates the tunneling rate for low
i ¢ ¢3-D temperatures by a factor of 5. These deficiencies should be
10 taken into consideration when the influence of other effects

=21 =20 -19 -18 -1.7 -1.6

on the tunneling rates are evaluated.
Energy (eV)

V. RESURFACING DYNAMICS II:
PHONON-ASSISTED TUNNELING

FIG. 7. Tunneling spectrum of subsurface hydrogen and deute-
rium moving to a surface hcp site for a frozen lattice. Also shown is

the 1D VAA approximation for hydrogen. Lattice motion has a profound influence on the tunneling

sis is to construct a reliable numerical procedure Whicndynamics. In the fqllowing sectipns an incrementgl analysis
allows accurate calculations for extremely small tunnelin S perfor_med, starting from a s_,lmple model n this section,
It is instructive to write the full Hamiltonian of thegwhICh will be elabor_ated upon in the next sections.
E)a:gebsi.em as H_ydroggn tunneling rates are exponeptlally sensitive to
barrier height and shape. The analysis in Secs. Il and llI
showed that the lattice modes can lower the barrier by open-
ing the nickel-surface-atom triad on the H-atom tunneling
~ . . I route (see Fig. 3.
WhETEHS is the adla_batic Hamlltonlgn of the_ hydrogen. As- Simple ap?oroximations which includes this effect are de-
suming a frozen latticei,, is the lattice Hamiltonian, com-  sjraple. An elementary model consists of a single oscillator
posed of the nickel vibrational modes, aHd is the Hamil-  representing the thermal bath and its coupling to the barrier
tonian of the conduction electrons of the metal. The latticedynamics. A further adiabatic simplification has been at-
and conduction electron Hamiltonians, are both coupled teempted, based on the favorable mass ratio between the hy-

the hydrogen motion by the potentia\kp and V. drogen and nickel atoms. The adequacy of the model and the
The problem of the hydrogen resurfacing rate is first anaadiabatic approximation are assessed in the following sub-
lyzed by assuming a frozen lattice, and assuming that th&ections.

dynamics is electronically adiabatid?sp=\739=0. This The first step, using MD simulations, is to analyze the

analysis constitutes a reference for further calculations wher42ration of the barrier height due to thermal motion of the

these couplings are taken into acco(®ecs. V, VI, and V). solid. Thi_s analysig. determines the heavy (_)scillator param-

The principal problem in calculating tunneling rates is the€!€rS: @s is shown in Sec. V A. Once the oscillator parameters
experimental time scale of the order of seconds compared @€ determined, an assessment of the model is made in Sec.
the basic vibrational subpicoseconds time scale. This tacy B- For further comparison, the same dgta are used tp con-
imposes an extreme accuracy requirement on the tunneling'Uct @ bath of phonon modes for which the dynamics is
rate computation. The method developed for the purpose ha2!ved by the surrogate Hamiltonian metHod.
an accuracy spanning 14 orders of magnitude. The method is
based on a Fourier grid representation of the wave functions.
A time-energy filter extracts the individual tunneling eigen-
states from the metastable well eigenstates, acting as initi%
guesses. Outgoing boundary conditions are imposed by tl”ﬁ
use of imaginary potentials localized in the asymptotes. De-
tails of the method are described in Ref. 8. A typical tunnel-
ing spectrum, showing the lifetime of the tunneling states as
a function of energy for resurfacing of hydrogen and deute-
rium, is shown in Fig. 7.

Two points should be emphasized. There is a finite tunThis model is aimed at studying the effects of crystal motion,
neling rate from the ground state, meaning that the subsuso the nonadiabatic effects are neglected. The lattice motion
face site is metastable, stabilized only when all surface sitels represented by a single harmonic oscillator with coordi-
are occupied. The other point is that, for each temperatursateR, massM, and frequencyw. The hydrogen motion is
the tunneling rate is determined by very few eigenstates repestricted to one dimension along the tunneling patirhe
resenting the balance between exponential increase of thedfect of the two additional degrees of freedom was taken
tunneling rate with energy and exponential decrease due tapproximately into account by the VAA="5In this model,
Boltzmann weighting. This fact has also been pointed out byhe coupling of the hydrogen and the lattice reduces to

A=Hgt+Ap+ At Vept Ve, (4.

A. MD simulations for characterizing barrier motion

Concentrating on crystal-hydrogen coupling in the barrier
gion, a Hamiltonian, replacing that of E¢.1) is con-
ructed:

ISZ

. . 1 . ..
= — _ 2p2
H—HS(PZ,Z)+2M +2Mw R?2+V(Z,R). (5.1
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FIG. 8. Clocking the barrier motion. The barrier heighy FIG. 10. The variance in the barrier distribution in eV as a

shown in Fig. 3 is recorded as a function of time, during afynction of temperature.
molecular-dynamic¢MD) simulation of the lattice motion. A seg-

ment of 10 ps is shown. negativeR direction, the barrier for tunneling is lowered,
while it is elevated as the heavy oscillator displacement is
V(Z,Ii) =f(Z)(bR+Ae" y|R- Rll)’ (5.2) extended to the positivB-directions.

To characterize the coupling featurt@amely, the param-
wherebR represents the basic coupling, linear in the heavyetersb and o), MD simulations are used. The change in the
oscillator coordinate, with force constaht The function adiabatic potentiaV/ is reduced to a single parameter—it is
f(Z) localizes the coupling to the barrier regionZgt. The  characterized by the change in the barrier height This

extent of localization is determined by the parameter quantity is calculated for different configurations of the solid
atoms as dictated by their thermal motion. The calculations
f(z):ef(ZfZO)Z/Z«rz_ (5.3  also account for the presence of subsurface hydrogen in the

metastable well. The MD simulations were initiated with a
The exponential term in Ed5.2) represents the H-Ni repul- thermalization phase which lasted 10 ps. During the simula-
sion at large extensions. For every crystal configurafpn tion, the mass of the hydrogen atom was artificially increased
the potential\/(i,li) represents the correction to the hydro- © 5000 amu in o_rde.r to prevent its migration to.other sites.
gen adiabatic potentiaf(Z). It is convenient to define the After the thermal.lz.anon stage the system evolution was fol-
barrier heighth,(R) as the difference between the potential lowed for an additional 10 ps. At each time step of the simu-

at the top of the barrier and that at the bottom of the subsur@tion during this second stage, the barrier heightwas
face well. NearR=0 the barrier heighhy, is a monotonic registered. The estimation bf, was performed by determin-

ascending function oR. As the oscillator moves to the ing the potential energy for a set of hydrogen atom positions
along a line that passes from the subsurface site to the three-

fold hollow surface site along th# coordinate.

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

These results correspond g variations during the sec-
ond stage of the simulatiofas noted above, the initial 10 ps
served as a thermalization period for the sygtdmspection
o 0 - of these results shows a rapid variation in the valuénpf

' ' ' N with an occasionally dramatic change in magnitude. The dis-
0.0 02 0’4. 0.6 0.8 1.0 tribution of the theh, values is shown in Fig. 9.
Barrier (CV) Examining Fig. 9, a near-Gaussian distribution emerges,
with an averagd,, of 0.624 eV and a varianae of 0.079 V.

FIG. 9. The distribution function of barrier heightg obtained ~ Similar calculations were performed for a wide range of tem-
from the MD simulation. The average barrier was found to be 0.62peratures. For all temperature values examined the barrier
eV. The distribution width for the simulation temperat@®® K) is  height distribution, was Gaussian-like. The variatiorvofas
0=0.079 eV. a function of surface temperature, is shown in Fig. 10. The

Probability
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0 100 200 300 400 FIG. 13. Flux of a 0.26-eV tunneling state, superimposed on the
(O[cm_l] potential-energy surface of the extended coupling regime. The po-
tential difference between adjacent contour lines is 0.14 eV.
FIG. 11. The spectral density of the barrier height, determined

from a MD calculation, for a single H atom in a hcp subsurface sitetial or spread out. It is essential therefore to examine two
(gray filling). The other line corresponds to the spectral density ofrather extreme regimes. In the local coupling regime the
the barrier,, when another hydrogen atom resides on the surface igrystal motion only influences the barrier itself, and is char-

a nearby threefold fcc site. acterized by a smat- parameter. The extended coupling

regime is characterized by larger and allows an outspread
effect of the crystal motion on both the barrier and the meta-

inCﬁ]ases fiveflold_ir:j _the raﬂge zf 28KT s?lg(;hK-f h stable well. The two-dimensional potential surfaces corre-
ese results indicate that the magnitudengichanges sponding to these coupling regimes are shown in Figs. 12
appreciably due to the thermal fluctuations of the surfac 13

atoms. The principal frequencies are determined by calculat-
ing the spectral density df,(t) (see Appendix ¢ shown in
Fig. 11.

Analyzing the figure, the frequencies of the barrier fluc-

functional dependence aef on the temperature nearly linear

The extended coupling regime has a closer similarity to
the MD simulations. This can be seen in Fig. 3, where the
lowering of the barrier height is accompanied by the lower-
. - ) . ing of the metastable well potential. The parameters used for
tuations span thglrange of 60300 chawith the dominant q ryg coupling regimes are given in Table I. The mass was
modes at 200 cm™. These frequencies are small in compari- ;posen to represent a single nickel atom. The frequency of
son to the H-atogn perpendicular vibration in the subsurfacgng ogcillator was taken to be close to the maximal spectral
well of 970 cm=. One expects that this rather large fre- yonsity frequencysee Fig. 11 The strength of the coupling,
guency ratio is sufficient to allow the neglect. 01_‘ correlationsipq parameteb, was adjusted to the variance found for the
between the_two mo.des'. As shown below, this is not the casgyrier height fluctuation€Fig. 10, assuming that the heavy
when tunneling motion is involved. oscillator is in thermal equilibrium. The potential energy

The presence of the surface hydrogen only slightly nar¢qntaur map of the two coupling regimes is shown in Figs.

rows the spectral density of the barrier height. The influence > 504 13. The tunneling rates corresponding to the fully

of a surface hydrogen occupying a neighboring threefold,rejated 2D model of Eq5.2) were calculated using the
hollow site on the spectral density is negligible. method described in Ref. 8.

. . . It is now appropriate to use this model for examining the
B. Lattice represented by a single-mode oscillator: Assessment  yalidity of neglecting correlations between the two modes of
The oscillator representing the lattice dynamics can eitheyery different frequency—the hydrogen motion and the lat-

be coupled locally to the most sensitive region of the potentice Vvibration. For this purpose, the tunneling rate is calcu-
lated in an uncorrelated model called the static barrier ap-

proximation. This model averages 1D tunneling raigdR)
with respect to the static heavy-oscillator displacemé&yts

TABLE I. Parameters of the single heavy oscillator modekse
Egs.(5.1), (5.2, and(5.3) for definition of symbolé

Parameter Local coupling Extended coupling
M 110 000 110 000
/ t t f o (cm™) 190 190
-1 0 . 1 2 Z, (bohp -0.25 -05
Z(A) o (bohn 0.5 1.1
A (eV) 0.136 0.0
FIG. 12. Flux of a 0.35-eV tunneling state, superimposed on they (bohr 1) 8.0 0.0
potential-energy surface of the local heavy oscillator model. TheB (Ht bohr—1) 0.049 0.049

potential difference between adjacent contour lines is 0.14 eV.
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FIG. 16. Comparison of thermally averaged tunneling rates for
resurfacing of hydrogen from an octahedral subsurface site. Calcu-

F.IG't.M' nydroggnttunfnsllng Sﬁe.CtLablln t|:1e static t;arrler aPations based on the local and extended coupling regimes are
proximation for a variety of barrier heightblack squares Super- shown, comparing the two-dimensional model calculations with the

|hmposed Iﬁl t?e b2|D kszeftre_lr;or hydT_oge_n ;[rl:nnelllngl ctc_>upl_edthto Rtatic barrier approximation. Also shown are the local coupling re-
eavy oscillato(black dot3. The coupling in this calculation is the gime calculations for deuterium.

extended coupling, shown in Fig. 13.

gen in the extended coupling regime is shown in Fig. 14. The
J(T)Zf dRPR,T)Y J,(Rie FE, (5.4 2D tunneling states fall into lifetime bands. It is also seen
g that the energy of the 1D states is dependent on the oscillator
where the probability density of the heavy harmonic-displacementR), signaling poor performance of the static
oscillator  displacement at temperature T is  barrier approximation. This is mainly due to the extended
P(R,T)=exp(-R¥2¢?)/\2mo and o?=hcothiw/2kgT)/  character of the coupling. A similar figure is shown for deu-
M. In Appendix B the static barrier approximation is stud- terium in a local coupling regime. Here, due to the local
ied, and Eq(5.4) is systematically derived. Its derivation is coupling, the energy of the tunneling states is almost inde-
based on two assumptions: the adiabatic approximatiorgendent of the deuterium location.
where the kinetic coupling&he derivatives of the hydrogen It is observed in both figures that the fully correlated 2D
eigenstates relative to the slow degree of freedane ne- model yields tunneling rates corresponding to large negative
glected, and an additional assumption that the hydrogen viescillator displacements. This hints that the uncorrelated
brational energies are independent of the heavy oscillatostatic barrier approximation is inaccurate. Further evidence
displacement. This last assumption seems plausible, at leagf the inadequacy of the static barrier approximation is re-
for the local coupling regime, where the coupling only vealed in the flux map of the fullexack tunneling state.
slightly modifies the metastable well shafsee Fig. 12 Examples are shown in Figs. 12 and 13. It can be seen that

Using the potential energy of E@5.2) with the param- the tunneling flux is located mainly in the low barrier saddle
eters in Table |, the tunneling rates for various metastablg@oint, even though this means very large and rare stretches of
vibrational states were calculated. The results are shown ithe heavy oscillator. Moreover, the tunneling flux represents
Figs. 14 and 15, where the fully correlated 2D tunnelinga correlated motion of the hydrogen and the heavy oscillator.
rates are superimposed on 1D static-barrier rates, for various Thermally averaged rates for the two coupling regimes
heavy-oscillator displacements. The tunneling rate of hydroare compared in Fig. 16. The isotope effect is also consid-
ered. It is clearly seen that the static approximation grossly
underestimates the tunneling rate by orders of magnitude.
10° | 1 The only combination where the static approximation is ap-
plicable is for low energy, local coupling, and light mass. In
any other combination, the static calculations are very inac-
curate for the estimation of tunneling rates. For deuterium
this approximation is even poorer due to the smaller mass
mismatch. It is also seen that, for higher temperatures, the
two methods predict a different temperature dependence,
namely, distinct activation energies.

An important, experimentally measurable quantity is the
crossover temperature. It marks the onset of temperature in-
by~ ‘ ‘ dependent resurfacing rates. The correlated 2D models typi-
-2.1 -1.9 -1.7 -1.5 -1.3 cally have lower crossover temperatures than the static bar-

Energy (eV) rier models. Also, deuterium coupled to the heavy oscillator
has lower crossover temperatures than hydrogen. In a previ-

FIG. 15. The same as Fig. 14, but for deuterium, and for localous publicatiorf a crossover temperature of 210 K was re-
coupling as shown in Fig. 12. ported for the 1D/VAA approximation of hydrogen. Here, as

Lifetime (sec)
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TABLE Il. Parameters of the Gaussian decompositiold (@). 10°
Parameter n=1 n=2 n=3 10°
A, (eV) 1.0 2.8 1.3 = Single Heavy
€, (cm™ 110 200 260 2 10 Oscillator |
o, (em™1) 22 15 22 E

ot 10°

can be seen in Fig. 16, the coupling to a heavy oscillator % 5 Extended Coupling
yields a markedly lower crossover temperature of 140 K for g 10 1
hydrogen(local coupling and 155 K(extended coupling = .
compared to 130 K for deuterium. This narrowing of the & 10" | Multi-phonon bath
T-independent range of the tunneling rates is in good quali- \, Local Coupling
tative agreement with experimental and other theoretical ob- 10° ‘ ‘ ‘
servations of quantum effects related to surface 5 10 15 20
diffusion4-6:404%7 1000/T(K)

The overall effect of the barrier motion in this model is to
enhance the tunneling rate with respect to the frozen lattice £, 17. Comparison of the thermal tunneling rate of resurfac-

calculation by one and three orders of magnitude for theng hydrogen for three models: the single-oscillator local regime,
local and the extended coupling regimes, respectively. Thigxtended coupling regime, and multiphonon bath regime.

effect is known as phonon-assisted tunnefih@he conclu- o

sion of this section is that neglecting the correlations of dif-1he thermal rates are shown in Fig. 17, and are compared to
ferent degrees of freedom, even when they seem to havyBe 2D single heavy-oscillator rates for the local and ex-

: - ; ; ; otended models.
different time scales, is usually inappropriate for studying ; . .
tunneling dynamics. It is clear that the thermal tunneling obtained by the mul-

tiphonon bath model has a markedly different behavior as
_ _ _ compared to the single-oscillator one-mode model. The
C. Single oscillator vs bath of oscillators temperature-independent regime spans a much larger range,

In studying the influence of the bath, the next question igvhere thdetcrfjgo‘i‘;% t}?';”p%at“r.e ils applrlcnt(imateg |20|0: K
whether a single oscillator coupled to the barrier is an adgo?/cjfe?; e ergture e orthee SLnogn?)-nosta:tr? roe{ténios Igest;/ve%rn
equate model even when fully co_rrelated. _In order to StUd)}hat of tﬁe two single—oscgial,lator ?egimes The extended cou-
this, the tunneling rates of the single-oscillator model aretQJing regime is much more efficient in eﬁhancing the tunnel-
com_pared to rates calcul_ated by a more elabqrate modgl. ing than the phonon bath, even though both have been built
muIt'lphonon bath spanning the spectral density of barrle\;rom the same MD data using the same extensiorhis
motion. In Sec. VI an even more elaborate system bath CO%hows that the effect of phonon-assisted tunneling is reduced
pling will be studied.

: . . when a single oscillator is replaced by a bath of phonons.
Treating the hydrogen dynamics under the influence of &,ch 5 conclusion is also observed by looking at the Arrhen-
multiphonon bath is done by the use of the surrogate Hamilyy,g regime, where the activation energy for a single oscillator
tonian method. This method replaces the highly structuregs |ower than that of the bath.
phononic bath by a simpler bath while conserving the spec- Experimentally, the resurfacing time is of the order of
tral density. A detailed description of this method is found inhours? This fact is in discrepancy with the calculated time of
Ref. 61, and a short summary is given in Appendix A. Theseconds. This discrepancy cannot be overcome by the fact
spectral density is estimated by analyzing the MD correlationhat the VAA was shown to overestimate the tunneling by a
functions as described in Appendix C. The estimated spectrdhctor of 58 It is possible that the potential used is not accu-
density is shown in Fig. 11. It is convenient to employ anrate enough due to the extreme sensitivity of tunneling. Re-
analytical approximation of the spectral denslfg). Thisis  cent variational transition state calculations with EDIM po-
done by decomposing the full spectral density function to dential produce even higher rates in the range of the single-

sum of three Gaussians: oscillator calculatior® The suppression of tunneling by the
multimode bath compared to the single-oscillator model sug-
3 o 2 gests that an additional tunneling hindrance mechanism ex-
J(e)= 21 A e (€ en) 2oy (5.5 ists in this case. This conjecture is backed up by theoretical
n=

estimations showing that the phonon vibrations can decrease
The parameters used here are given in Table Il. The fretunneling rategsee Ref. 32 for a comprehensive discussion
quency range represented was setag=60 cm ! to and extensive reference |istt therefore seems necessary to

w;=300 cm L. reexamine the coupling of the tunneling dynamics to the lat-

The coupling functionf(Z) [see Eq.(A4)] was chosen tice.
with parameters of the extended coupling regime as shown in
Table I, and the tunneling states were calculated using the
surrogate Hamiltonian methddIt was found that the result-
ing thermal tunneling rate is satisfactorily converged with The tunneling dynamics requires spatially long-range co-
the use of a bath consisting of five two-level-system modesherence. This coherence can be destroyed if uncorrelated

VI. RESURFACING DYNAMICS III:
LATTICE REPRESENTED BY SEVERAL BATHS
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0.03 L . . The spectral density is calculated for various positions of

o ‘ the hydrogen atom along the reaction path potential using a
MD simulation. Analysis of the MD data discussed in Ap-
pendix C results in a spectral density which is dependent on
the position of the hydrogen atom, as shown in Fig. 18.

0.02 A model consisting of three independent phononbaths is
S sufficient to describe the spectral density
-

0.01 Ie2)=2 |ti2)2(e), 6.2
where Gaussian functions i are used to localize the pho-
non interaction:

"0.00

f(Z)=e" (22?128 (6.3

The local spectral densities are also cast into sums of Gaus-

. . _ sians ine localized in energy:
FIG. 18. Spectral densities of the system-bath interaction, taken oy

at various locations of the hydrogen atom on the reaction path. 2
- i i i —(e—€ 2202
'I};hese results are based on a molecular-dynamics simulation at 90 Ji(e)=§k) |Vi,k|25(f—€i,k): 21 A e (e=€,0)%1207
. a=
(6.9

bath dynamics _mfluences different parts Of _the pOtentIaI'I'he parameters describing the spectral densities are extracted
along the tunneling route. To study this possibility, a model

is constructed by coupling the primary tunneling degree otlfrr]o_lrpaglgcl)llecular dynamics simulation, and are summarized
freedom to several multiphonon baths. The surrogate Hamil- The first bath (=1) is localized on the barrier peak po-

ton!an methof is employeq, gnaplmg a description of tun- sition like the bath of Sec. V C, and has a wide frequency
neling coupled to several dissipative baths of phonons. Thesr%m e. The second bath=(2) is localized in the metastable
baths reflect in a realistic manner the hydrogen-lattice inter- ge. 'n . .
action. well_lm|n|mum, with frequenmes cent_ered qround 250

The Hamiltonian of Eq(4.1) becomes the Hamiltonian of cm™ . The third bath with low frequency is localized on the

. . ' . repulsive slope.
a primary system interacting with phonon baths, The calculation was performed using three bath modes for

each of the three baths. Calculations with a larger number of
A=T+VJ(2)+> € Wbl b modes have confirmed reasonable convergence. The calcu-
ko lated thermal tunneling rates are shown in Fig. 19, and com-
pared with the frozen lattice rates and with the single bath
_ (bt _ rates of Sec. V C.
+§i: f'(Z)Ek: Vikixt bisd- 63 The striking feature is that the composite bath, consisting
of three different phonon baths, imposes a drastic reduction
Here T represents the kinetic-energy operator for theof the tunneling rate compared to the enhancement caused by
hydrogen-atom motion, and(Z) is the corresponding po- the single-phonon bath with coupling localized on the bar-
tential energy represented by the average reaction patH€'- The rate is decreased by two orders of magnitude, and it
There are several phonon baths, indexed,ach described Plunges below the frozen lattice rate. _
by a sum of free-phonon-energy terms, indexedbyhere Thus the_: overa_II effect of t_he ph(_)nons is to hinder hydr(_)-
€ «=hw; , is the energy of théth phonon mode of thith ~ 9€N tunneling. This observation is in contrast to surface dif-

bath (the ground-state energies of the phonons are ndysSion andgaoresurfac_:ing calculations  of Truhlar and

lected, and, .= BB, . is the occupation number, where co-workersz®>® for which a mechanism of phonon-assisted
9 i LR Lt P o tunneling is reportedsee Ref. 61 for a discussion of surface
B k= VM k@i 1 B+ 1Py /My @i i, @andmy i, X, @nd - diffusion on nicke). The three-phonon-bath model resurfac-

p; x are, respectively, the mass, coordinate, and momenturing rates are still higher than experimental resurfacing rates
of the (i,k)th oscillator of the bath. by two orders of magnitude.

TABLE lll. Parameters of the spectral densities.

i Z; & Aix €1 Ti1 Ai €2 gi2
(bohp (bohp (Ht) (cm™ (ecm™h (Ht) (cm™ (ecm™h

1 0 0.8 0.025 197.5 21.9 0.021 254.6 26.3

2 —-25 1.56 0.01 254 26.3 0

3 +0.945 0.325 0.0125 94.3 16.7 0
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FIG. 19. The tunneling rate for three adiabatic approximations; ~FIG. 20. The thermal tunneling rate of resurfacing hydrogen,
a frozen lattice, a phonon bath consisting of a phonon bath couplegnown for three metallic electron densities and for the adiabatic
to the barrier, and three phonon baths coupled to the full extent ofinneling.
the reaction coordinate. ] ]
rs=2.1 for the subsurface hcp site. It is, however, not clear

Based on these results, two fundamental types of bat hat is the exact value of the electron density which needs to
influence on tunneling can be recognized. They can generallge used in the model, since part of the interaction between
be distinguished by the symmetry of the coupling function ydrogen and th_e elgctron—exgtatlons IS accounted_ for just
£(Z) with respect to the location of the barrier petdken at by using the adiabatic potential. Thus the calculation was
Z=0). If f(Z) is an even function oZ, the phonon vibra- performed for several values of the electron density, enabling
tions cause the potential on both sides of the barrier to osci® parametric study. The results are shown in Fig. 20. Based

late in-phase. In this case the delicate long-range coherenl® these calculations, it is concluded that, for this process,

of the hydrogenic wave function is not disturbed, and thethe nonadiabatic interactions reduce the resurfacing rates of

tunneling is assisted by the occasional lowering of the barriepydrogen’ by a factor of approximately 2-3.

height. On the other hand, f(Z) is an odd function ofz,

the potential surface on the phonon motion causes the tw¥lll. DESORPTION OF HYDROGEN FROM NICKEL (111
sides of the barrier to oscillate out of phase, and this destroys
the long-range coherence of the hydronic wave function
This results in a severe hindrance of the tunneling rate.

The final step of the hydrogen odyssey in nickel is the

recombinative desorption. The reaction rates are determined

by calculating the width of the recombination resonances.

The potential surface shown in Fig. 4 was used. The general

VII. RESURFACING DYNAMICS IV: strategy is to view the reaction as a unimolecular dissociation
NONADIABATIC EFFECTS

_ o ) Ho,M—H,+M. (8.2
The exponential sensitivity of the tunneling process to

almost any dynamical factor requires a serious consideratiofhe method of calculation is similar to the technigue of es-
of nonadiabatic effects caused by the interaction between th#mating tunneling rates described in Ref. 8. The first step is
hydrogen atom and the conduction electrons of méfals. to calculate the eigenstates of the desorption well by block-
The nonadiabatic effect depends on the coupling parameteisg the exit channels to both the molecular species and sur-
of the specific system. The present system can be charactdace diffusion. In this fashion, 48 vibrational eigenfunctions
ized by a composite Ohmic bath in which the spectral denef the well were calculated, up to and over the desorption
sity is linear in the excitation energy. barrier height. Next, the exit channel to the molecular species

The dynamics of coupling the primary system to nonadiawas unblocked and a negative imaginary potential was
batic interaction has been developed using the surrogadaced at the far molecular asymptote. Desorption eigen-
Hamiltonian method?! Here the general scheme is applied tostates were then calculated by filtering the states with outgo-
the resurfacing phenomena. The thermal tunneling rate wasg only boundary conditions using the Greenian filtering
calculated as a function of the electron density, and is shownperator, in an identical manner to the calculation of tunnel-
in Fig. 20. It can be seen that the nonadiabatic interactionig eigenstates shown in Ref. 8. The first ten states were
have, in general, a damping effect on the tunneling ratebelow the threshold for reaction. The eigenvalues of the con-
which increases with the metal electron density. The uppesecutive 38 states are shown in Fig. 21. It is seen that two
bound of the damping effect is approximately a factor of 3kinds of desorption mechanisms exist. One is due to tunnel-
for the temperature range shown. The crossover temperatuiieg through the small adsorption barrier, while the other cor-
is reduced slightly by abdwb K at thehigher electron den- responds to over-the-barrier Feschbach resonances. The mi-
sities considered. From the EAM calculation the electroncroscopic rates were thermally averaged and the resulting
density is directly obtained, yielding a density parameter ofthermal desorption rates are shown in Fig. 22.
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enters the bulk and thermalizes in interstitial sites. The most
stable bulk sites are those directly underneath the threefold
hollow surface sites.

(3) The recombination of two surface hydrogen atoms is
endothermic, by about-0.5 eV, and the desorption process
is activated by a barrier o 0.67 eV.

(4) A hydrogen atom in the subsurface site can resurface
by tunneling through a 0.6-eV barrier to a vacant threefold
hollow site. The thermal rate of this process has been exam-
ined using different models and levels of approximation.

(5) When a hydrogen atom occupies a surface threefold
hollow site, it blocks the exit of a subsurface hydrogen atom
(see Fig. 5, raising the resurfacing barrier to 1.2 eV. Two
conclusions follow from this observation:

(i) A high occupation number of hcp sites causes a de-
crease in the resurfacing rate. This is called capping ef-
fect

FIG. 21. The desorption spectrum of surface hydrogen based on (||) A direct reaction mechanism, between a subsurface
the PES of Fig. 4. The potential-energy minimum of molecularhydrogen atom and a surface on-top hydrogen, cannot ex-
H, is marked. The first three states of lowest energy are tunnelingﬂain the low-temperature bulk-surface recombination. This
states through the 0.17-eV adsorption barrier. The other states af)nclusion is strengthened by recent experimental measure-
over-the-barrier resonances. Lines connecting the resonance po"ﬁ?ents, which show that bulk-surface recombination products

are a guide for the eye.

The thermal rate for the relevant temperature range can b§u
fit by using a double Arrhenius curve, as discussed in Se
IX C. This limited dimensional approximation results in a
crude upper estimate of the recombination rate. The influ
ence of lattice dynamics was not analyzed for this reaction

IX. KINETIC MODEL FOR THE TPD SIGNAL

In order to compare the calculated recombination TPDbu
rates to experimental data, the individual rates have to bgu
combined into a kinetic model. The main assumptions of thed

model are summarized as follows:

(1) Hydrogen readily adsorbs on the nickel surface. Mo-
lecular hydrogen dissociates, and the hydrogen fragment c
occupy four types of surface sites, two of which are met
stable(on-top and bridge The stable sites are the two three-

fold sites.

have a wide angular distributidfi.
(6) The subsurface hcp site is metastable with respect to a
rface site. The energy difference is about 0.4 eV in poten-

Sial energy and 0.23 eV in zero-point vibrational energy, to-

taling to 0.63 eV. It follows that, immediately after resurfac-
ing, the hydrogen is verynot, and interacts rapidly with a
surface hydrogen located in a neighboring site.

(7) The relaxation rate of Aot hydrogen atom is prima-
rily due to nonadiabatic electron-hole pair excitati8hs.
These points are used to construct a kinetic model for the
Ik-surface recombination process. In this model the
bsurface-surface reaction is broken into two kinetically
istinct stages. First, a resurfacing stage, where excited hy-
drogen is formed after tunneling out of the subsurface. Next
the hot hydrogen finds a thermalized surface hydrogen and

ae_)rgacts with it. The possibility of reaction among tvinmt

hydrogens is negligible, since the hot hydrogens relax ex-
tremely fast relative to their formation rate. A further simpli-
fication in the model is that the difference between fcc and

(2) Atomic hydrogen, coming from the gas phase, read'lyhcp sites is neglected due to their fast equilibration via sur-
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face diffusion®™"*! The kinetic equations describing the
combined process become:

d[B]
d[s*] *
T:.|-|<b[B](1—[S]—[S"])—)/[S"]—k [S*1S],
9.1
d[s] . 2
g = Sk [S*IS]-2K[SP,

T=T,+at,

where all occupation numbers grer surface siteand[B] is
the occupation number of subsurface hydrodesl, is the

FIG. 22. The thermal recombination rate of surface hydrogenoccupation number of thermalized surface hydrogen atoms

Also shown is the double Arrhenius curve used to fit the data.

(H), [S*] is the occupation number of hot resurfacing hydro-
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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 Ratiez) 2 T. (K) E, (eV)
1 EDIM 1 frozen neglect 108 200 0.47
2 EDIM+VAA 1D frozen neglect 0.5 200 0.57
3 EDIM 3D frozen neglect 0.1 205 0.5
4 EDIM+VAA 1D 1-mode/Local Coup./Stat. Bar. neglect 0.3 200 0.27
5 EDIM+VAA 1D 1-mode/Local Coup. neglect 1 140 0.26
6 EDIM+VAA 1D 1-mode/Extended Coup. neglect X0+t 156 0.21
7 EDIM+VAA 1D 1-multiphonon Ext. Coup. neglect 16 194 0.26
8 EDIM+VAA 1D 3-multiphonon-baths neglect %6102 185 0.15
9 EDIM+VAA 1D frozen e-hole bath %102 190 0.32
10 Ref. 30 TST partition function neglect 10t 130 0.33

®Rate at zero temperature.
®TST-tunneling-corrected variational transition state theory.

gen atomgH*), K, is the thermal resurfacing rate constant, three bathgSec. V), estimates the temperature-independent
v is the relaxation rate constant of excited hydrodeh,s  tunneling rate a&,=0.05 s %, the crossover temperature as
the thermal rate constant of the reactioi-HH—H,, and T.=185 K andE,=0.87 eV. However, the nonadiabatic in-
k is the thermal rate constant of the reactio H—H,, and  teractions shown in Fig. 23 exhibit an additional decrease in
a is the surface heating rate, taken as 2'¥ $n accord with K, by a factor of 2 and of; by 5 K. In Ref. 8 it was shown
the experimental value. that the reduced dimensional VAA causes an overestimation
The TPD signal is given by the desorption rate of K, by a factor of 5, and of the crossover temperaflige
Gl by 10 K. Based on these considerations the following param-
diG eters were chosen for the universal function representing
g =< [S'IS]+ kISP, 92 k,:T,=170 K,K,=0.005 s 1, E,=0.87 eV, anch=5.1.

where[G] is the number of desorbed Hnolecules per sur-
face site. In the following sections the rate constants are
estimated, based on the different calculations described in The resurfacing hydrogen atom has an excess energy of
the present study. 0.63 eV with respect to a surface hydrogen at its ground
state. This is due to the 0.4-eV difference in the binding
A. Resurfacing rate K, energies of surface and subsurface hydrogen atoms with an

o . . - additional 0.23 eV, the difference in zero-point energy, and
Estimating the tunneling rates is a difficult task due to thethe surface hydrogen. This excess energy allowshtidy-

expor]entie}l sensitivity and the strong dependepce on the dHrogen to wander freely on the surface. The relaxation
mensionality of the process. Table IV summarizes the h|er-mechanism causes loss of the hot hydrogen energy due to
archy of approximation used for the hydrogen tunneling re-

surfacing rates. For completion the TST calculation of Ref.

B. Relaxation rate y

30 is included in the table, which is two orders of magnitude 10 : .
faster than the frozen lattice calculation at O K. The tunneling 5
rates as a function of temperature for the different approxi- 10 E

mations are summarized in Fig. 23.

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

1-mode-bath

T

Tunneling rate (Hz)
Wy
[—]

2 1 10
K(T)=Kexp = l 0
=KoeX - . 10
KeTa 1+ E ) (l-l— E) 4 180 Frozen—Adiabatic
T T 10 [ 3-multiphonon S |
9.3 baths Frozen—nonadiabatics |
This expression contains four parametefis: T,=1.2T., 3.0 5.0 7.0 9.0
whereT. is the crossover temperatur@;) E, is the activa- 1000/T(K)

tion energy of the Arrhenius part of the rate constant tem-

perature dependencgii) K, is the temperature independent  F|G. 23. The thermal tunneling rate of resurfacing hydrogen,
rate; andiv) n is a parameter, describing the curvature of theshown for the various model calculations. The boxes indicate the
crossover region. The most elaborate phonon model, usingossover temperature.
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electron-hole pair excitations. The vibrational line broaden- 1.00
ing of the transverse mode was calculated in Ref. 61, and it
was found to be 23 cm!, yielding the relaxation rate 0.80 -
y=2X10"%-4x10s" 1. A similar value is obtained for the ’
translational energy relaxation due to the nonadiabatic &
friction.®* Hence a value ofy=2x10'? s™! is assumed in 5 060
the present kinetic model. «“
E 0.40
C. Recombination rate k =
The surface reaction of the hydrogen recombination was 0.20 ¢
discussed in Sec. VIII. The rate constant is well fit by a
double Arrhenius function 0.00 L ey
100 15 200 250 300
k(T)=A,e Er/keT+ A, e Ea/keT (9.4 T(K)

where the following parameters are used;=0.6 eV,

E,=0.8 eV,A,=1.5x10° s L, andA,=4.1x 10 s 1, FIG. 24. The calculated TPD spectra for bulk hydrogen desorp-

tion under the proposed kinetic model. The filled line corresponds
o to the case where the prefactors of the excited reaction rate con-
D. “Hot” hydrogen recombination rate k* stants are increased by a factor of 100 relative to those of the ther-

The recombination reaction is activated. and therefore enfh@l reaction. The solid line corresponds to an increase of a factor of

hanced by the excitation of one of the participating hydrogerilo'

atoms. For this reason the excess energy of the resurfacing

hydrogen can promote the reaction. This enhancement is edhis set of coupled equations is numerically integrated. The
timated by lowering the activation energigs andE, in the  stability and accuracy has been checked by monitoring the
thermal-reaction-rate expression Ef.4) by E,.. Next, the  identity 2G]+[B]+[S]=[B], where[B], is the initial bulk
kinetic prefactor is enlarged. This is due to the fact that thecontent of hydrogen. It is assumed that the surface is initially
correlated motion of the bulk and surface atoms can have élean.

strong effect. The analysis in this study has shown that such The TPD simulated results with the initial bulk content
correlated effects, for low probability processes can enhancB,= 1.5 and initial temperaturgé,=80 K are shown in Fig.

the rates by orders of magnitude. An example for this is seed4. Two spectra for the two sets of prefactors used to esti-
in Sec. V B, where correlation effects enhance the tunnelingnate k* are displayed. In both cases, two peaks are ob-
rates by three orders of magnitude. Since a detailed calculgerved. However, the magnitude of the low-temperature
tion is prohibitively expensive at this stage, the prefactors ar@eak, centered at 170 K, is very sensitive to the reaction-rate
taken as parameters, their value increased by factors of 1@nstant used. The relaxation rate of hot hydrogen is fast and
and 100 compared to the thermalized reaction prefactordhe surface is rather quickly filled, so that at a temperature of
Summing up, the rate constant is given by Ej4) with the 190 K the creation of excited hydrogen is almost halted com-

following parameters:E;=0.026 eV andE,=0.17 eV, pletely. This is a result of theapping effectAt higher tem-
A;=1.5x10" and 1.5¢10*? s™%, and A,=4.1x10'? and  peratures, around 200 K, the surface-surface recombination

4.1x1083 s 1, sets in, and the surface is quickly depleted. This enables
formation of more hot hydrogen atoms, and the two mecha-
E. TPD signal nisms_of Qesorption work simultqneously. At 210 K_, the re-
) o surfacing is so fast that the bulk is emptied almost instantly,
Analysis of the kinetic model of Eq¢9.1) shows thatthe  5nd the hot hydrogen recombination stops. This causes a
number of excited hydrogen atoms on the surfd&d}, is  grastic decrease of the TPD rate seen as the sharp peak at
created by a relatively slow process, and destroyed by a fast| 5 k. This peak is not seen when the hot hydrogen reaction
process. This prohibits any attempt to solve E@s1) di- s sjow. By the time the temperature reaches 230 K, the
rectly. HoweverS* is at all times extremely small, and thus syrface coverage is depleted enough for the recombination
changes slowly. Settind[S*]/dt=0 in Eq.(9.1) yields the  reaction to slow down, and the TPD signal gradually drops.

set of equations: The TPD experiment also shows two pealat, approxi-
d[B] mately 200 and 350 K, respectively. The peak at 200 K is of
—— = —Ky[Bl(1-[S]-[S*] larger amplitude than the one at 350 K. This is attributed to
d b ( ’ .
t the complete depletion of the bulk at low temperature. Dur-

ing this depletion a large fraction of the hydrogen desorbs,

d[s] * 2 while the rest remains thermalized on the surface. At higher
dt = NS 1=K IS I[S]-2KIST, temperatures, around 350 K, the remaining surface species
(9.5  desorb.
Qualitatively, the dynamical calculations and the kinetic
(5] Kp[BI(1—[S]) model presented confirm the conjecture that the low-
KplB]+ y+k*[S]’ temperature peak observed experimentally is due to the

subsurface-surface hydrogen reaction. However, quantita-
T=T,+ at. tively the calculated results do not fit the experimental data.
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The location of the surface reaction TPD peak is at 230 K Even more involved is the influence of the lattice motion
compared to a higher experimental peak at 350 K. This disef the heavy nickel atoms on the hydrogen tunneling dynam-
crepancy is probably due to the reduced dimensionality apics. The most obvious effect is the casual decrease of the
proximations which overestimate the reaction rates. Dissipabarrier height by the fluctuating lattice. The investigation
tion effects, in analogy to their influence on the resurfacingstarted on the nme assumption that an adiabatic separation
process, can also hinder the recombination reaction. of the fast hydrogen from the heavy nickel degrees of free-
As for the low-temperature peak, the location is close tojom is possible. A single-mode representation model of the
that observed in the experimen80 K); however, the x-  path dynamics was constructed to test this hypothesis. The
perimental results indicate that most of the bulk hydrogen igeg it was a complete failure of the adiabatic separation. The
depleted at this temperature, which, due to the capping effegf\ejing dynamics was found to be highly correlated. The

can only be explained by a very efficient reaction betweeqesson learned is that an approximation that is absolutely

) . : . Faasonable for describing majority events of the hydrogen
increasing the reaction rate by a factor of 100, allowing fordynamical processes, such as the vibrational motion in the

correlation effects still cannot explain the efficient depletion otential well, is inappropriate to describe the minute events
of bulk sites. One possible source for this discrepancy is th f tunneling '

effect of occupied neighboring subsurface sites. The The importance of the correlated tunneling motion gave
e to the suspicion that the naive description of the bath by

felation and interfere with the tunneling motion. In order to
be able to study such a process, a dynamical description of
the bath was developed: the surrogate Hamiltonian approach.
The surrogate Hamiltonian approach replaces the infinite
many-body lattice dynamics by a representative finite Hamil-
tonian composed of two-level systems. The success of the
The long journey through the different possible routes ofmethod relies on the observation that, for finite time, a com-
hydrogen in nickel has been aimed at unraveling the story oplete resolution of the energy spectrum is not required. By
subsurface-surface recombination of hydrogen. The final picsampling the spectral density of the bath in an appropriate
ture is still sketchy, and most details are missing. Howeverfashion, the method systematically converges. To obtain the
the framework that has been set supports the experimentapectral density a molecular-dynamics simulation of the lat-
evidence for the interesting chemical mechanism involvingice motion was performed based on the same EDIM poten-
bulk hydroger’® The final kinetic model contains condi- tial. As expected, the multiphonon bath assists the tunneling,
tions for the appearance of an additional low-temperaturdut with a reduced effect compared to the single mode bath.
TPD peak, attributed to the existence of subsurface hydro- Tunneling dynamics with a fluctuating bath coupled only
gen. to the barrier region can be classified as phonon-assisted tun-
However, the most interesting stories of the odyssey havaeling. In contrast, shaking the potential well of subsurface
been collected on the way. The combined process is exaydrogen via the phonon dynamics has been shown to pro-
tremely involved. Rationalizing it requires disassembling tohibit tunneling®? For hydrogen in nickel, both effects are
individual events. The unifying factor for all events was theoperative. The balance between enhancement and suppres-
EDIM potential used for all processes studied. This potentiakion caused by phonon dynamics is delicate. Only a quanti-
enabled the identification of stable metastable subsurface andtive, elaborate approach can determine the total phononic
surface hydrogen species. This identification allows us tampact on hydrogen tunneling. For the resurfacing dynamics
break up the process into two main parts: the resurfacing adn analysis using the the spectral density calculated along the
subsurface hydrogen, and recombination desorption. reaction path has shown that tunneling suppression over-
The resurfacing step conceptually seems simple, a direatomes the enhancement.
transport from one potential well to a lower one in the energy Electronic nonadiabatic effects are are also able to sup-
surface well. A detailed analysis has revealed a convolutegress the tunneling. Electronic friction is well established for
picture, dominated by tunneling. The extreme sensitivity ofhigh velocities. Computations comparing tunneling rates on
tunneling to any dynamical or environmental factors can lead single or two-crossing Born-Oppenheim potential-energy
investigation astray. As is evident from Table IV, nine dif- surface shows extreme tunneling suppression in the nonadia-
ferent approximations for the resurfacing process have bedmatic cas€® Nevertheless, calculations using the surrogate
analyzed. The rate calculated by each of the approximatiorlamiltonian method show only a small effect considering
differs from the previous one by orders of magnitude. Wherthe electron density in nickel obtained from the EAM calcu-
checked, rigorously simple models fail. One source of errotation.
is due to cutting down the dimensionality of the problem. The tunneling dynamics suggests that there should be a
This has been the conclusion of a previous p&pehich  significant isotope effect where the lighter isotope is faster.
show the failure of reduced-dimensional approximations forConflicting effects can reverse this trend. The tight bottle-
tunneling dynamics. Even the best variationally corrected 1Dheck for resurfacing leads to a large adiabatic correction due
method, which includes the perpendicular zero-point energyto perpendicular zero-point energy which favors the heavy
overestimates the tunneling at low temperature by a factor asotope. The coupling to the phonon bath is also influenced
5. by the mass ratio. Since these conflicting effects are different

first TPD peak has the flavor of a transient macroscopi
phase transition.

X. OVERVIEW
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for different temperatures, a comparative isotopic study is APPENDIX A: ESSENTIALS OF THE SURROGATE
useful. HAMILTONIAN METHOD

Only a comprehensive study of all possible effects on the . . .
resurfacing dynamics allows a balanced estimation of the The “dynamics under study is a multimode coupled

- o ; System-bath entity. The bath dynamics and its coupling to
conflicting effects. Quantitatively the combined calculatedthe system have 1o be reduced to a tractable computational

resurfacing rate is too fast, predicting that even at zero tem-Cheme This task i hieved b ructi ta-
perature subsurface hydrogen will resurface on a time sca - his taskis achieved by constructing a representa
of minutes. Experimentally when the surface hydrogen istlon O.f the coupled system which is systemat!ca_tlly improved
removed, a clean nickel surface is stable for hours. In orde?nabIIng a.study of convergence characteristics. Once the
to evaluate this discrepancy, more quantitative experimentrsepreser.m"‘t've wave function has bgen constructed,.the dy-
are required, in which the resurfacing rate is measured as ramics 1s determlne_dAby the expansion of the evolution op-
function of temperature for both hydrogen and deuterium. €rator U(t)=exp(-iHt/4) or the Green operator
The surface recombination reaction leading to desorptiois(E)=(E—H) ! in terms of a Chebychev polynomial
can also be studied independently. The high-temperaturseries®® The propagation enables a direct extraction of ob-
peak at 350 K is attributed to this reaction. This process waservable information.
simulated using a quantum-mechanical two degrees of free-
dom model. The rate was calculated from desorption reso- 1. Representation of the coupled system

nances. The location of the calculated recombination peak The svstem-bath representation is develooed through the
was at 230 K, deviating from the experimental 350-K result. y b P 9

One explanation for this discrepancy is the neglect of dissi—StUdy of the total Hamiltonian. This Hamiltonian is parti-

pative forces in calculating the desorption rates. The lowestioned into the primary system’s bare Hamiltonitiy and
energy resonances of the surface reaction mechanism weffee bath HamiltoniarHg, together with an interaction term
tunneling states. The tunneling barrier is not coupled directlqut, leading to

to the metal phonons. This precludes a phonon-assisted tun-

neling mechanism which was important in the hydrogen re- H=H+Hg+H;y. (A1)
surfacing dynamics. The role of phonons is therefore limited , N
to hindering the desorption reaction rate. Another source of N Primary system Hamiltonian has the form
inaccuracy is caused by the reduced dimensionality model
(two degrees of freedom Higher-dimensionality calcula-
tions yield larger activation energies and lower desorptiothere-f:sz/ZM is the kinetic energy of the primary sys-

rates’* A calculat_lon mcludmg a_II the hydrogen degrees of tem, andVg is an external potential which is a function of the
freedom and lattice dynamics is beyond current computer

capabilities. system coorc_Jin_at_eé. The bath HamiltoniaHg is decom-
The reaction of the subsurface hydrogen with a nearby?©Sed to an infinite sum of normal modes,

surface hydrogen atom was modeled by an uncorrelated two-

step mechanism. The first step is the resurfacing of the bulk |:|B:2 ejB

atom. The second step is the reaction of the hot hydrogen ]

atom with a neighboring thermalized atom. This neglect ofT

correlation is a source for a large underestimation of th lex bath of bosonic modes with energies Finally, the

reaction rate, since tunneling is involved. Indeed, it wa : : C : ;
’ i ' nteraction term is a multiplication of a dimensionless geo-
found that the reaction rate adopted from the surface desorp- P g

tion calculation could not explain the existence of the low-Metric functionf(R) with a boson mOd@jJr of potential cou-
temperature TPD peak. pling strengthv;,

Emission of hydrogen from the bulk to the surface creates
short-lived hot hydrogen atoms. This model, which explains H=f(R)>, V,—(Bﬁ- Bj)_ (A4)
the additional reactivity of of bulk hydrogen, is radically ]
different from the steric model of Johnson, Daley, and ~p ~ ) .
Ceyer™ This model was used to explain the desorptive re-1"€ operator®; andb; are boson-type creation and annihi-
action of bulk H with adsorbed CH For hydrogen recom- ation operators, obeying the commutation rules
bination the steric model seems to be inappropriate. How- PN TR
ever, for other reactions, it is possible that a combination of [bj'bj’]_shi 1. (A5)
steric and energetic effects are responsible for the speci
chemistry of bulk hydrogen in nickel.

H=T+V(R), (A2)

;. (A3)

he indexj is a multidimensional index describing a com-

@quations(Al)—(A4) serve as the starting point of the inves-
tigation, but further reduction is required since these equa-
tions are too involved to be treated directly. The goal is to
assemble a Hamiltonian consisting of a finite number of bath
This research was partially supported by the German Ismodes, which faithfully represents the dynamics of the pri-
rael Foundation, and also partially supported by the Israeinary system under the influence of an infinite bath for a
Atomic Energy commission and the Israel Council for finite time.
Higher Education. The Fritz Haber Research Center is sup- This goal is achieved by transforming the infinite boson
ported by the Minerva Gesellschafirfulie Forschung, bath to a simplified finite bath. This is done by examining the
GmbH Minchen, FRG. Heisenberg equations of motion for the primary system,
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sampled by selectinyl energy pointseg<e;<---<ey_1.
For each energy boson creatiBi}, and annihilationB,, op-
. R ~ R erators are defined. The energy sampling specifies a density
P= —VVS(R)—Vf(R)( E \ bjT+ H.c.) . (AB)  of states for the discrete baplfe,) ~(em.1— €m) 1. In con-
! junction with the spectral density sampling, the density of
The bath enters these equations through the following bathtates imposed determines an effective interaction through

R=P/M,

operator: the relation
A . U= VI(en)/p(em). Al3
> Vib+ H.c.=f VI(e)BY(e)de+H.c, (A7) _ m= m_) p(_ m (A13)
] The discrete surrogate Hamiltonian therefore takes the fol-
where a creation operat®T(¢) for aninteraction bosoris lowing form:
defined o Nt N-1 i
A=T+V{(R)+ >, enBlBn+f(R) >, UnBl+H.c.
A 1 ~ m=0 m=0
Bfle)=—=2, Vb/6(e—¢)). A8 Al4
(e) m; ibfo(e—e) (A8) (A14)

o _ _ _ __ This construction has the merit that Bsincreases and the
Similar equations exist for the corresponding annihilationsampling becomes refined, the dynamical observables con-
operators. In these equatiole) are normalization factors yerge.

defined by
2. Boson bath as a set of two-level systems
‘](6):; Vil28(€j—€). (A9) The basic assumption is that the bath temperature is low.
An actual dynamical calculation of the system and of the
These are needed so tH3} and B, retain the boson com- effective boson bath starts by assuming that no single-mode

mutation relations oscillator is strongly excited. Therefore, each mode is repre-
sented by a two-level systeffLS), leading to a replacement
[ée,éz,]: S(e—€'). (A10) of the Boson operators by TLS operators
The Heisenberg equations of motion for the boson operators bf—ao, ,
are obtained from the Hamiltonian of EGA3) by commu-
tation, b—o_. (A15)

B(e)= —ieB(e)—if (R)VI(e), Notice that the commutation relations also transform,
[b,bl=1—[0_,0,]=1-2n, (A16)
R=P/M, (A11) A min A A _ . _
wheren=b'b—n=0,0_. Since(n) is 1 for an excited
R R R R TLS and 0 otherwise, the violation of the commutation rela-
P= —VVS(R)—Vf(R)f VJ(e)BT(e)de+H.c. tions is small if none of the TLS’s are highly excited.
The numerical implementation of the dynamics of a sub-
The Hamiltonian which contains the dynamical informationsystem coupled tdl two level systems is best understood by
about these equations of motion is the surrogate Hamiltoniafirst following the special case of a one mode=1 bath. In

this case the wave function is represented as a two-

I:|sur,='f+vs(li)+f eéT(e)é(e)de component spinor
v R)_(¢0(R)) A1)
+f(f<)f JI(e)Bi(e)det+He. (A1) R=| 4R/

The 0 component corresponds to spin-down, and the 1 com-
[)'onent to spin-up. The functiong,(R) are defined on
equally spaced grids, although other representation tech-
niques are possible. The-independent spin operators ap-
earing in the Hamiltonian are represented &s22matrices

the two-component vector space

The consequence is that the system bath is fully characte
ized by the normalizing function, often called the spectral
densityJ(€). A derivation using path-integral methods leads
to the same conclusiof.

The existence of the spectral density points the way to
convergent method of sampling the bath by a finite number
of modes. A finite bath oN oscillators is constructed by 0 0 0 1 0 0
requiring a spectral density which resembles, and, in the 6*2( ) Az( ) ﬁzBTf):( )
limit of N—oo, converges to, the given spectral density of 10 00 01 A1S
the full bath. The algorithm of sampling the boson bath as- (A18)
sumes that the given spectral density functit) is of  For the generaN oscillator case, a wave function is repre-
finite support, so that there exists an interval of energiesented as a spinor of‘Zomponents bit ordered. This means
[ €5, €] outside of which the density is zero. The interval is that themth component represents a spin arrangement deter-
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mined by the 1'qspin-up and 0’s(spin-down in its binary

representation. Each componedt,(R) is defined on the ‘I’(R,Z):; Xn(R)@n(Z;R). (B1)
equally spaced grid. The Fourier metfid@ is used for the
representation of the system operators. The tunneling eigenstates are calculated for e®opnfigu-

The wave-function representation is designed to performation, by solving the one-dimensional tunneling
sums of spin operators efficiently. The algorithm for apply-

ing the number operator for theth spin, n,, on the wave A(Z;R) $n(Z;R)=[E(R)—iJ,(R)/2] (Z:R), (B2)
function ¥, consists of multiplying the componet,, by

the kth bit of the binary representation of the integerO or ~ whereE, is the energy of the tunneling state adidlis its
1). tunneling rate. In this equatioR is treated as a parameter.

Application of the operatoﬁjvj(R)BjT is performed by For deep tunneling, it is assumed that thewave functions
using recursion. The recursion is understood by studying thare orthonormal,
structure of the matrix representation of the interaction op-
erator, although this matrix is never actually computed or (bnl )= Snm- (B3)

stored.
The recursive form of the matrix can be generally de-These results are inserted into the total Sdhnger equation.

scribed as follows. The'®x 2N matrix V, defined by Integration over the coordinate, ne_glect_ing the d_eriva_ltives
of ¢,(Z;R) with respect taR (the adiabatic approximation

Vn-1 Vn-1ln-2 leads to a Schdinger equation for the heavy oscillator:
VN= . (A19)
Vi Vs 1
R ) .

The definition is recursive, with,, being the 2'x 2™ unit Trt Emswst)Xn,m(R)+[En(R)_|Jn(R)/2]Xn,m(R)
matrix andVy-o=0. The operatod/y consists of only diag-
onal operations, reducing the numerical effort to a quasilin- = €p mxn.m(R). (B4)
ear one MlogM), in the number of spinor components ) . . . .
(M=2N). Here an indexm was added to identify the various solutions

of the heavy-oscillator wave equation. Since the coupling is
localized on the potential barrier, one finds a very small de-
pendence oE,, on R (only a minute part ofkp, ., is on the

The primary system is represented by the Fouriearriep; hence this dependence was neglected. These ap-
method’~®? enabling multidimensional systems to be ana-proximations lead to a simple product form for the total
lyzed with no restriction on the potential shape. Extractingwave function
dynamical information on the system requires propagation of
an initial wave function by applying the evolution operator Vo m(RZ)=xn,M(R) $n(Z;R), (B5)

3. System-bath dynamics

W (t)=0()W(0)=e Fip(0). (A20)  where the real part of the energy levels becomes

The time dependence of the expectation value of any opera- .
tor is determined by €nm= (2 tMihios+E,. (B6)

<A(t)>=<‘P(t)|A|\P(t)>. (A21) The tunneling rate is given approximately by averaging the
J, over the total eigenstate:
The evolution operator or the Green’s-function operator is
expanded by a series of Chebychev polynomialgH),

where H is the Hamiltonian operator linearly scaled and
shifted so that its spectrum is in the range1,1} .88 The
expansion coefficients are functions ffor the evolution

operator((t) or of E for the Greenian operatds(E). The
propagator technique is also used to construct the initial state

for the calculation. Propagating in imaginary time leads J(T):f P(R,T)J(R,T)dR, (B8)
eventually to the fully corglated ground state of the com-

bined system-bath entify. By employing a filter- —R2/202 _ L .
diagonalization methoff:8 other eigenstates can be extractedVNereP(R.T)=¢ /\2ma is the thermal position dis-

directly. Thermal observables are obtained by Boltzmanr]ir'zbUtlon function of the heavy oscillator with

weighting the results from the individual calculations. o= (fil2msws)cothGw/2kgT), the variance of a thermali-
zed harmonic oscillator; and(R,T)=z"1=,e #EnJ (R) is

the adiabatic thermal tunneling rate for a given positioof

the heavy oscillator, wherez=Xexp(-BE, and

The static barrier model is based on the adiabatic separg=(kgT) " .

tion between the fast hydrogen motion and the slow lattice This expression was obtained using two basic assump-

motion. This leads to an ansate for the total eigenstate wavigons. The first is the adiabatic approximation, while the sec-

function, ond is the neglect of the dependeriRe

Jn,m:j |Xn,m(R)|2‘]n(R)dR- (B7)

The thermal tunneling rate is obtained by Boltzmann averag-
ing of J, . The final result can be written as

APPENDIX B: STATIC BARRIER MODEL
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APPENDIX C: SPECTRAL DENSITIES where,T; is the simulation time, chosen to be long enough.
FROM MD SIMULATIONS The Fourier transform of the autocorrelation function

-
The results of MD calculations serve as a basis for quan®a={(A(t,2)A(0.2)))=T¢ o'A(t+7,2)A(7,Z)d7  be-
tum dynamical modeling of the resurfacing rates. This link isCOMes
made through the concept of spectral density.
In the surrogate Hamiltonian method the interaction with (T
the lattice phonons is determined by letting the lattice ex{;A(Tf,w,zl):(l/Tf)J dte'wtf drA(7,Z)A(t+71,Z)
ecute a classical MD motion, and monitoring the variation in 0 0
the hydrogen potential during as a function of time. The _ 2
foIIow)i/ng gener%\l form for thegHamiItonian of the few mul- =V, 2) Ty €9

timode baths can be written as: On the other hand, the Fourier transform of the autocorrela-

o tion Cy(w,T,Z)) is directly related to the sums of spectral
H=T+V{(2)+ E (p/2m;  + mi'kwﬁkxﬁk/Z) density functions, as shown by analyzing the autocorrelation
Lk function of the harmonic oscillator,

+Ei fi(Z)Ek Ci kXi ks (Cy
o _ _ Ca(t,Z)=2 [f(Z)P |Cik|2<x?k>cos<wi,kt>
where the connection with E@6.1) is through the relations [ K
Vi k=Ci«/V2m; yw;  and € =%w;,. The functions k|z
f.(2) are dimensionless functions of the hydrogen position. —E If; (Z|)|22 - COﬂ-(Bﬁwl K/2)
The spectral density is given by Eqg®.2) and (6.4). The
total spectral density is determined by the molecular- X cog @; t) (Ch)

dynamics simulation of the free crystal motion at a low tem-

peratureT. At every time step, the potenti®d(t,Z,) of the  \yhere the quantum-mechanical expression was used for the
hydrogen atom is determined for a series of locati@ns 4 iocorrelation function of the harmonic oscillator in thermal
along the reaction coordinate, equilibrium at the inverse temperatye The Fourier trans-
A(t,Z)=V(t,Z,)—V(Z)) (C2) Iﬁrm of this expressior(]for. I_argeTf) is then connected with
e sum of spectral densities
whereV, is the adiabatic potential for the hydrogen motion.
Under the composite bath model the recorded function is

Cu(Ts,,Z))=mhcoth Bhwl2) Y, |11(Z)]2i(fw)
A(t,Z|)=Ei fi(ZI)Ek CikXik- (C3 !

_|U(T,0,2))?
The analysis is based on the Wiener-Khinchin theorem. The X lim —————tani( hw/2).

finite Fourier transform of the difference function is defined Tr—ee mhTs
by (C7)

U(T;,0,2)= JTfA(t'ZI)eiwtdt' (C4) T_he sum of spectral densities obtained this way is shown in
Fig. 18 for some of the chose#) values.
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