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We present a potential-energy function for H interacting with bulk metallic Ni. The potential is parametrized
to be accurate both for H adsorbed on Ni surfaces and for H absorbed at interior sites. The function introduces
a nonlocal density dependence into the embedded-atom method formalism. We show that the function provides
dramatic improvement over the best previous embedded-atom potential function for this system, and that it
gives good agreement with all available structural and energetic data characterizing stationary points on the
low-index surface planef100), (111), and (110] and in the interior. It also yields good agreement with
experiment for most diffusion coefficients and activation energies for surface and interior diffusion. We
examine the dynamics of three diffusion processes: H diffusing ori1i@ and (111) crystal faces, and H
migrating in the interior, for the latter of which we analyze the reaction path and predict coefficients for H
diffusion between adjacent interior octahedral vacancies. We also examine two other processes: H hopping
from the threefold111) surface binding site to an octahedral vacancy immediately beneath fesurface
plane to (absorption, and the reverse procegdeabsorption We also calculate the binding energy and
frequencies for H adsorbed on the pseudothreefold site of tflelBlisurface, and we find them to be in good
agreement with experiment and a considerable improvement over previous versions of the potential function.
Our potential-energy function should be useful for simulations of a variety of processes that are difficult to
study experimentally, such as surface diffusion in the presence of steps and kinks, site-to-site movement of H
immediately beneath a surface plane of Ni, or bulk transport across a grain boundary.

I. INTRODUCTION two reasons. In the first place, we are likely to have more
faith in a semiempirical PEF that is based on an extensive
The development of useful potential-energy functionsand varied set of experimental data. Second, a general PEF
(PEF'S for atomic and molecular phenomena associatedvill allow one to make calculations for conditions that are
with interfaces and for atomic processes in the interior ofdifficult to study in isolation by experimental techniques,
catalytic and energy storing materials is of great current ine.9., surface diffusion at defects, steps, or kinks, subsurface
terest. Gas-metal interfaces provide strong challenges td diffusion immediately below the Ni surface plane, or in-
theory in this regard, because the properties of a metal caferior diffusion near defects or grain boundaries. Such situa-
not adequately be reproduced by the popular models of paiflonS cannot be treated with a PEF whose parameters are
wise forces and clustefsHowever, the embedded-atom 2PPropriate only for a specific crystal face. A PEF that accu-
method (EAM) (Refs. 2—6 has had considerable successrately models the energetics for an H atom in several distinct

with modeling the interaction of an atom with a bulk metal. environments on and in Niis more I|I§ely to be rehable_ for
It has been less widely used for interfacial problems, but forcalculatlon_s in which the H atom is n wregqlar s_urroundlngs

. . ! that are different from those for which calibration data are
H/Ni systems it has been used to model both surface an

L 37-10 0 vailable. If our PEF is accurate for surface processes on
interior processe$>’~°In recent work'® we presented an

) ) ) more than one face, in which the H atom is in a variety of
EAM-based PEF for H atoms interacting with ##00) crys- |4 g|ectron-density environments, and for interior pro-

tal face of Ni that accurately reproduces experimental bi”dtesses, in which the H atom is in various high-electron-
ing energies, hydrogenic vibrational frequencies, and equigensity environments, then we are more likely to have faith
librium interatomic distances for H adsorbed at a fOUrfOldin the resu":s that it predicts for processes Occurring in |ess
equilibrium site, as well as activation energies and SUffaCQ\/e”-characterized environments, such as subsurface pro-
diffusion coefficients. We noted that although that PEF,cesses, for which the H atom is in a moderate-to-high-
called EAMS because it is the fifth H/Ni EAM parameter set electron-density environment. The potential catalytic activity
known to us, is very accurate for tli#00) face of Ni, it is  of Ni makes the analysis of subsurface processes especially
not particularly well suited for studying H diffusion on important for this system. It has been proposed by Maynard
Ni(1112) or for H diffusion in interior Ni. The goal of the et al!! that the Ni surface catalyzed reaction of methyl radi-
work presented here is to create a general PEF for the H/Nial with H to form CH, likely proceeds via a mechanism in
system that reproduces a wider range of the experimentallyhich the CH; radical rests in a threefold minimum energy
available system attributes, including both surface and intesite on the Ni111) surface, and the H atom attacks the radi-
rior interaction energies. The resulting parameter set will beal from below the surface. This mechanism is suggested
called EAM6. because CHis not formed when CH and H atoms are both

It is desirable to have such a more general H/Ni PEF foradsorbed on the Ni surface, but it is formed when H is
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FIG. 1. Diagram of the NILOO) crystal face. TwadA o, Sites are

labeledA, and one oo site is labeled *. FIG. 2. Diagram of the NiL11) crystal face. TwaA,; sites are

present in the interior. The ability to model the energetics ofabeleclA’ and one 4, site is labeled .

subsurface H in Ni will provide more insight into this proto-

type catalytic process. second layer, and the other is immediately above a vacancy
In this paper, Sec. Il presents the methods used for dyin the second layer. The diffusion process consists of a par-

namics and energetics calculations, describes the motivatidicle moving between these two distinct sites throughy g f

for the fitting process, and presents our PEF. Section IIl presaddle point. Calculations with previous PEKRefs. 7, 8,

sents calculations and results, Sec. IV analyzes and discussa3d 10, as well as with the PEF presented in this paper,

the results, and Sec. V summarizes the conclusions. indicate that the binding energiesith respect to the energy
of a H atom infinitely far from a Ni lattice with a clean
Il. THEORY exposed(111) surfacg of the two distinct sites are within
0.01 kcal/mol of one another. Both the H-Ni nearest-
A. Sites neighbor distances and H distances above(1id) surface

In this paper, we will examine the energetics and dynamPlane of the two sites are within 0.001 A of one another. The

ics of hydrogen adsorption and diffusion on both thé1D) frequencies of the H-.atom vib.ra.tion perpendicular to 'Fhe sur-
and Ni(111) crystal faces, hydrogen adsorption on(Ni0), face plane are |d§nt|cal to within 1 chl for the two sites,
hydrogen absorption and diffusion far beneath the surface iAnd the frequencies of the H-atom vibration parallel to the
bulk Ni, and hydrogen absorption into the (M11) surface syrface_plane are |dent|call to within 5 c*rﬁ. for t.he two
and the reverse process. In discussing the various stationaifes. Since all these quantities are nearly identical for both
points (equilibrium binding sites and transition-state saddle111 Sites, we do not distinguish between them. For adsorp-
points for each case, we will make use of the following tion on the (110 face, A;yp is the pseudothreefold site
nomenclature. A minimum-energy site of adsorption is la-formed by two surface plane Ni atoms and one second plane
beled A, followed by a subscript indicating the particular Ni atom. Two identicalAy; sites are shown in Fig. 3.

crystal face(100, 111, or 11D Minimum-energy interstitial
absorption sites are label€d), for an octahedral interstitial
vacancy or Te for a tetrahedral interstitial vacancy.
Minimum-energy sites immediately beneath th¢1Mil) sur-

face are labele®g;;, for an octahedral subsurface intersti-
tial vacancy andres 11, for a tetrahedral subsurface intersti-
tial vacancy. Saddle points are labeled 1 followed by a
subscript 100, 111, or S, the latter two indicating an inte-
rior site and a subsurface site, respectively.

For each of the surfaces, there are as many as three inter-
esting stationary points. These sites are shown in Figs. 1-3.
On the(100) crystal face A is a surface cavity adsorption
site formed by four adjaceril00 surface atoms, and;d, is
a bridging adsorption site between tWq, sites. The diffu-
sion process consists of a particle moving from a fourfold
Ao Site through a twofold g, site to an adjaceri o site.

On the (111 surface, there are two distingt;;; sites. Both
are in surface cavities formed by three adjagéntl) surface FIG. 3. Diagram of the first two atomic layers of the(NLO)
atoms, but one site is immediately above an atom in therystal face. TwaoA,,, sites are labeled.
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Ni (111) surface

%

7

Ni interior l
FIG. 4. Diagram of ten interior Ni atoms. The octahedral sites
are labeledD, , the saddle points are labeled, he tetrahedral site
is labeledT e, and the hilltop is labelett, . The minimum-energy FIG. 5. Diagram of the subsurface sites for(Nil). The
reaction path is from on®, site to the otherO, site passing Og,;;, and Teg;q; sites are labele®s and Tes, the 1g14, Site is
through the two § sites and th& g site. labeled %, and the #$p 114 Site is labeled %, .

For ipter_ior diffusion, four stgtion_ary point_s of interest are ot 5 Ni atom in the second atomic layer. We will show in
s_hown in Fig. 4 The cqmplete interior diffusion Process con-gec. |V that the $5,111 Site immediately above a vacancy in
sists of a particle starting at an octahedral €k¢ moving  the second atomic layer is of substantially more practical
through a saddle point, ¥ to a short-lived tetrahedral site jmportance than the one immediately above an atom in the
Te, through another fsaddle point, and finally to another second atomic layer. The stationary points of interest to the
O, site. This reaction path will be justified in Sec. IV. An- (111) subsurface processes are shown in Fig. 5. Note that if
other interior stationary point of interest is a second-ordefne Nij lattice were not terminated by tfi@11) surface, the
saddle point(a hilltop) directly joining the two adjacenty  Og,,; and Teg 14, Sites would beD, and Te, sites, and the
sites. This site is labeleH, . _ 5111 and 111 Sites would be i sites. In addition to the

For (111) subsurface processes, by which we mean prothree elementary diffusion processes discussed above, we
cesses that involve sitémmediatelybelow the N{111) sur-  aiso examine both the hydrogen absorption process from
face plane and fof111) absorption and deabsorption pro- A .. to Og,,;, and the reverse of this process.
cesses, by which we mean passage fromAhg adsorption ’
site to such a subsurface si@nd vice versp the stationary
points of interest are simply lower-symmetry versions of the
interior stationary points. Ni atoms extend beyond the poten- In the present paper, we approximate the site-to-site hop-
tial cutoff in all directions from the interior stationary points; ping rate constants(T) of the five processes outlined above
however, the subsurface stationary points are not symmetrigiffusion on(100), diffusion on(111), diffusion in the inte-
in the z direction(i.e., the direction perpendicular to the sur- rior, absorption, and deabsorptijoby canonical variational
face plang As a result, while th®, site has a triply degen- transition-state theoty " (CVT) with a small curvature tun-
erate H-atom vibration, th®g 4, site has a doubly degen- neling approximatioff based on quantized reactant
erate vibration(the two vibrations parallel to the surface states”'®(SCTQ. For the three macroscopic diffusion pro-
plang and a nondegenerate vibratiGthe vibration perpen- cesses, these hopping rate constants are converted to diffu-
dicular to the surface plaheln general, the binding energy sion coefficients b
of a H atom absorbed at a subsurface site is slightly lower
than that of an H atom absorbed at its interior analog.

There is one stationary point associated with absorption
and deabsorption that does not have a direct analog to an
interior site. Specifically, the saddle point for the surface-to-whereT is temperature) is the distance between reactant
subsurface absorption process and the subsurface-to-surfamed product minimum-energy sites, adds the dimension-
deabsorption process has an H atom approximately coplanatity of the process. Table | gives the values\odndd used
with three adjacentl11l) surface atoms. The local nearest- for (100 diffusion, (111) diffusion, and interior diffusion.
neighbor geometry of this saddle point is analogous to th&@he absorption process and its reverse are not diffusion pro-
1, site, but rather than bridging @@, site and aT g, site, it  cessegbecause they do not correspond to mechanisms for
bridges am,;, site with either arDg 1, Site or aT es 15, Site.  transport over macroscopic dimensirisut rather are spe-
To distinguish this important site, we label ifg;,,, where  cific monatomic hops for which we only calculakéT). We
the subscript(Ab,111) indicates absorption into the lattice next discuss the features of the CVT/SCTQ method, which
from the (111 surface. As with the\,, site, there are two are important to understand the calculationgkr) for all
distinct $p, 115 Sites distinguished by the presence or absencéve processes.

B. Dynamics

)\2
D(T)= 5gk(T), M
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TABLE |. Hop length (\) in terms of the lattice constant constant by making a separable mode approximation, quan-
(Ro=3.52 A), dimensionality (1), and symmetry factor«) for H tizing the partition functions associated with the adsorbate
diffusion on Ni100) and N{111) and in interior Ni. and primary-zone atoms of the reactant and the transition
state, and then multiplying by a factor that accounts for tun-

Process N

d a neling along the reaction path from bound reactant states
H/NI(100) surface diffusion Ry/\2 2 4 using a small-curvature-tunnelif®CT), quantized-reactant
H/Ni(111) surface diffusion \/EOR /6 5 3 (Q) approximation. The resulting expression for the rate con-

0 stant is
H/Ni interior diffusion Ro/\2 3 8
cvT
KCVTISCTQTY = , VT 6Q(T) oksT Q - (M
All dynamics calculationgas well as characterizations of h  Q7(T)

stationary points are carried out by the embedded-cluster oV T
method described previoust§}”?!In this method, the metal % F{L()) )
atoms allowed to move in each crystal lattice were chosen as kgT ’

those which are within a certain distance of the important

stationary points for a diffusion process at that surface or iﬁNheC:e thelsulperschript ok(T) i”‘;ir%%fécgthe !evEI of thec&ry
the interior of the crystal. This region of moving atoms is USed to calculate the rate constarit, “=(T) is the ground-
called the primary zone. The primary zone is made as largState transmission coefficient with quantized reaction-
as necessary to yield converged energetics and dynamicsP0rdinate states described in Refs. 10 andlcc\l;gs Boltz-
Surrounding the primary zone is a set of rigid atoms whichann's constanth is Planck's constantQ™" (T) and
extends far enough to include all atoms that are within thé? (T) are the quantized partition functions of the transition
potential cutoff distance to all atoms in the primary zone State and reactant sites, respectivalyyti(T) is the Born-
This surrounding set of atoms is called the secondary zon&Ppenheimer potential energy of the system at the dynami-
In Sec. IIl we discuss in more detail the primary and second¢al bottleneck, and- is a symmetry factor equal to the num-
ary zones for each system studied, and we evaluate the coRer of equivalent pathways from the reactant site to a product
vergence of the energetics and dynamics with respect to th@ite. This number is equal to the coordination number of the
size of the primary zone. reactant divided by the coordination number of the transition

To calculate a CVT rate constant, we consider a represerffate. Table | lists the values ef for the three diffusion
tative reaction path, which we take to be the minimum-Processes considered here. For the absorption and deabsorp-
energy patMEP) through the saddle point of interest. Each tion processesg is equal to 1. An approximation to the
MEP is calculated as the path of steepest dest&rit&in SCTQ method is to treat the reaction-coordinate energy lev-
the mass-scaled Cartesian coordindtes of the adsorbate €ls as a classical continuurti.e., rather than quantizing
and primary-zone metal atoms on the potential-energy suthem. This latter approximatiol?'® is denoted SCT,
face from the saddle point of the surface. We define a reacCVT/SCT, and CVT/G, all without the Q.
tion coordinates along the MEP. In the present work, the The effective potential used for tunneling is the vibra-
coordinates are scaled to a mass of 1 amu. At the saddfonally adiabatic ground-state potential-energy curve, given
point, s=0; at the reactans=s" (wheres® is a finite nega-
tive number for the unimolecular reactions considered)here G G
and at the product=s" (wheresF is a finite positive num- V2 (8)=Vyep(S) + €yand S) )
ben. The specific value o&R for a particular minimum-
energy site depends on the process. In the present pap
sR(A1q0 denotes the value af at theA;q, minimum-energy

hereV\ep(S) is the potential energy at a poistalong the

EP, andsffans(s) is the ground-state vibrational energy of
site, sR(O,) denotes the value of at the interior octahedral a}ll adsorbate anderimary-zone modes transverse tq the reac-
site,s”(Te,) denotes the value afat the interior tetrahedral 0N path. ?V%thstranis) and the energy levels required to
site, etc. Next, the dynamical bottleneck is chosen fronfalculateQ™"'(T) are calculated in the Cartesian coordinate
among a series of dividing surfacésalled generalized tran- harmonic approximation explained elsewhtteAt this
sition statesorthogonal to the MEP as the one which mini- Point, we define two useful quantities. For hydrogen diffu-
mizes recrossing effedf’ and therefore minimizes the Sion on orin a Ni lattice witiN Ni atoms in the primary

rate constant. The upper limit to the CVT rate constant is th&one, there ar&=3(N+1) vibrations. One of these vibra-
conventional transition-state theor§TST) rate constant, tions is asspmat_ed with reaction path motlon., and this leaves
which always uses the dividing surface which passes througlft =F —1 vibrations transverse to the reaction path. When
the saddle point as the dynamical bottleneck. In cases wheff€ variational transition state is at=0, then the vibra-

this is the true dynamical bottleneck, the CVT rate constantionally adiabatic barrier height is given by

is equal to the TST rate constant. We will show in Sec. Il 16\ G R

that variational effects are very important for some of the AVZ7=VZ(s=0) -V (s=s"), 4
processes(particularly interior and subsurface procegses
studied here, and that the CVT method provides a bettef’
approximation to the classical rate constant. That is, the true M M
dynamlcal_ bottleneck does not always pass through the szez E(*H%E hc;rrn E(R)JF%E hc?ﬁ
saddle point. m=1 m=1

Quantum-mechanical effects are incorporated into the rate (5)

hich in the harmonic approximation is equal to
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wherec is the speed of lightE(R) andE(%) are the Born- s —
Oppenheimer energies of the minimum energy and saddle- Pa E Py (12)
point sites,v% are frequencies in wave numbers of thie “
modes transverse to the reaction path mode associated wilthe second term in Eq9) involves a sum of the pair poten-
the minimum-energy site, anﬁ are frequencies in wave tials between atona and all other atoms’ in the system,
numbers of the transverse modes associated with the saddihereR,, is the interatomic distance between atenand
point. Subtracting the zero-point energy of the reaction pattatom «’. The first term in Eq.(9) includes nonpairwise,
mode at the reactant site from E@) gives the zero-point many-body interactions, which are knotto be an essential
corrected barrier height, which we callE}. Note that ingredient for a PEF to model metallic systems accurately.
E(+¥)—E(R) is called the classical barrier height. The calculation of the density, E¢11), in the current
The activation energyE,, in contrast to Ang and Wworkis ?dentical tq that_in EAM.5, and specific details o_f.this
AE}, is defined in terms of dynamical properties and de-calculation are given in previous WO?'?-'_lo The specific
pends on temperature; in particu?ﬁr, functional forms of the Ni and H embedding functlc{mse.,_
Fni(p,) andFy(p,) in Egs. (9) and (10)] and of the pair
d In(k) potential will be presented below.
Ea(T)=— RTm- (6) As mentioned above, EAMS5 is not particularly well suited
for H in an interior interstitial site in Ni. In particular, al-
However, in previous work we have found that if the maxi- though vibrational frequencies and energetics for H absorbed
mum of the vibrationally adiabatic curve is at=0, then at interior stationary points are given quite accurately, for
AE(*) gives a reasonable estimation of the high-temperatureure Ni EAMS5 predicts elastic constants and a bulk modulus

activation energy for the diffusion process, i.e., that are too low, and it yields an inaccurate Cauchy
_ . discrepancy:*° The first step in the reparametrization was to
Ea(high T)~AE;. (1) correct these problems. Since these problems do not involve

_ . o H interaction with Ni, they could be fixed by adjusting only
In practice, since the activation energy depends on temg,q Nji parameters.

perature, one must be careful about consistency when com-
paring theory to experiment. In Sec. IV, when carrying out 1. Ni parameters
such comparisons, we fit both theory and experiment at the

same two temperatures to the form We assumed the same Coulombic form of the repulsive

pair potential given by Daw and BasKeand used in previ-

Ea ous versions of the current EAM potential:
D(T)ZDO ex —ﬁ (83)
Cza( Raa')za’(Raa’)
for the three diffusion processes and to $(Raqr) = R ; (12

aa’

a where C is a constant equal to 14.3888 eV A, and
k(T)=A exp< B R_) (8b) Z,(R,,) andZ, (R,, ) are the effective nuclear charges of
) ) atomsa and ¢’ at a distance&Rr,, from the nuclei. These
for the absorption and deabsorption processes. These ™Qnctions are cut off to zero at a finite range with continuous
definitions ofE, are consistent, since the other factors in Ed.irst and second derivatives by incorporating a smoothing

(1) are independent of temperature. function which is given in Refs. 8 and 10. We used the same
Zni(R,.) used in previous®1%work:

C. Potential-energy function

C
We now present the EAM potential, to be called EAM6 _ Raa’) p(_Raa’)
) . ’ . ’ ZNi(Ryo) =2 ex . 13
that is used in the current work. In previous wérk/~1° Ni(Raar) =20 b a (13
potential functions were created using the standard EAM for-

malism presented by Daw and Baskes this formalism, ~The valuesa, b, andc are given in Table Il. _ ,
the energyV,, of an atoma is given as Roseet al”" presented a universal energy function for Ni

(as well as many other metaldepending upon the sublima-
tion energy and a variable lattice constant. This function,

1+

Vo=F,(p,)+3 E ?(Raar)s (9 along with Eqs(9), (11), and(12), leads to a set of points to
aFa which the Ni embedding function can be fit. Previous func-
and the energy of the entire system is given as tional forms®00f the Ni embedding energy involved a sum

of three exponentials to which we have been unable to fit the
v=Sv (10) fgnction and its first twq derivatives precisely enough t(_)
i yield both accurate elastic constants and an accurate lattice
. constant. In EAM6, we therefore expand the fit to a sum of
In the above equations;,(p,) is the energy to embed atom four exponentials, and we fit the embedding energy over the
a into a system at a point where the surrounding electrofegion 0<p,<0.1 A~3. Above p,=0.1 A=3, we intro-
densityp,, is the sum of the individual atomic electron den- duced a quintic spline with continuous first and second de-
sities,ﬁz, , contributed by all other atoms;’, in the system rivatives which force the function to equal a constant value
at the point where atorw is to be embedded, i.e., at largep,, . The resulting Ni embedding function is given as
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TABLE Il. EAM6 parameter set.

Function Parameters
Zni Z,=10.0 a=0.537 A b=1.116 A c=1.0
Zy a;=0.374 A b,=0.932 A c,=2.775 d;=0.007 52
a,=0.010 A b,=0.549 A c,=142.678 d,=8.0036 A?
a;=0.011 A b;=0.377 A c3=95.455 d;=2.401 A
Fui Ayi=—303.289 eV B Byi=87.987 eVW2AS Cni=—522.774 eV B Dpi=39.421 eV A3
ani=7.647 A Bni=75.075 & yi=373.379 B 5ni=56.342 A
A=—2.015x100 eV A1® B,=—5.384x10% ev A1? C,=—4.060<1C° eV A® D.=-11.031 eV
p=0.11 A3 A=0.01A3
Fulp) En,=476.121 eV R ey, =5.072 A Ep,=—543.394 eV R &1,=5.285 A
FH(f)al,f’az) Q=2 Q=05
£1,=—0.040 84 eV £1,=3.686x10° A® £,=13563 A6
£,=—0.003 25 eV £y=54.772 K2 £,3=0.812 A°%2

A expl— anipa) + (Bripa)*eXP — B nipa) + CrieXP — YhiPa) T (Dnipa) *6XP — Snipa)s  0<p,<p.—A
Fri(pa) =1 As(Pa=pc)°+Bs(pa—pc)*+Cs(pa—pc)®+Ds,  pc—A<p,<p.

Ds,  pc<Pa-
(14

The parameters in Eql4) are given in Table Il. We justify determined, we prepared the final versions of the Ni lattices
the simple treatment of the region with,>0.1 A3 by the  to be used in the calculations. We have demonstrated in pre-
fact that in the processes examined in the present study, latious worké! the importance of using a lattice constant that is
tice atoms are never in surrounding densities greater thatonsistent with the assumed potential-energy function when
0.07 A3 and we note that for an interior Ni atom to be constructing the metal lattices. For EAM6, the energetically
embedded in a vacancy with a surrounding atomic density ofninimized lattice constan®, is 3.5235 A. Thus all Ni lat-
0.1 A3, the nearby lattice atoms would have to be com-tices in this work are constructed with this lattice constant.
pressed equivalently to a lattice constant of 3.28H& equi-  The lattices are discussed in detail in Sec. IIl.
librium lattice constant is 3.52 ARef. 31)].

Calculated bulk Ni characteristics with no H atom present 2. H-Ni interaction parameters

are given 2i[137TabIe lll, where they are compared 10 pg ghove step focused on the energetics of bulk Ni with
experiment?~3"We note that the bulk lattice quantities pre- no H atom present. Another area in which we improved
dicted by EAMSG, in particular the elastic constants and bUIkEAMS is the treatme.ntfaa H atom on th&111) surface. The

modulus, are in much better agreement with experiment thag, i ;
. _ perimental valug for the doubly degenerate hydrogenic
are those predicted by EAM5. Once the Ni parameters WerGipration parallel to the(111) surface is 955 cm?, and

EAMS vyields a value of 387 cm? for this quantity. Also,
EAMS5 leads to Arrhenius activation energies substantially
lower (by about 2—3 kcal/moglthan experiment. These inac-
curacies lead to questionable reaction dynamics and to diffu-
sion coefficients which are nearly six orders of magnitude
higher than experimental valué&® The second step in the

TABLE IIl. Energetically minimized lattice constamR,, subli-
mation energyEs, monovacancy formation enerdy!,, elastic
constants, and bulk modul®, calculated by EAM5 and EAM6
compared to experiment.

Quantity Experiment EAMS EAM6 L . : .
reparametrization was to improve the predicted energetics of
Ro (A) 3.52° 3.5211 3.5235 a hydrogen atom interacting with the ({1l1) surface, while
Es (eV) 4.45° 4.43 4.46 maintaining the good agreement of predicted features for the
EY, (eV) 1.39-1.7¢ 1.66 1.63 (100 surface. Given the EAM formalism discussed above,
Cy; (102 dyn/cn?) 2.465¢ 1.852 2.184 we considered several ways of doing this.
Cy, (1012 dyn/cn?) 1.473¢ 1.238 1.560 The first method is global reparametrization. This in-
Cus (102 dyn/cn?) 1.247¢ 1.255 1.263 volves choosing a functional form and allowing all the pa-
B (102 dyn/cr) 1.86° 1.44 1.77 rameters to vary in order to minimize the error with respect
to all experimental quantities to which the function is being
aReference 10. fit. In practice we found that this method only very mini-
bReference 31. mally improves thg111) surface characteristics. In addition,
‘Reference 32. since EAM5 is already very accurately parametrized for
YReferences 33-36. (100 surface calculations, global reparametrization to im-

®References 37. prove H on N{111) tends to introduce larger errors for H on
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Ni(100), and these are not justifiable by the minimal im- smooth, well-behaved function, as is necessary to insure
provement for(111). physically reasonable frequencies along the reaction paths
Method 2 is local reparametrization. This involves mak-and hence well-behave\aI;3 curves with no spurious arti-
ing parameter changes that—as much as possible—only afacts. The second-nearest neighbors contribute most of the
fect the stationary points whose characteristics we are intefemaining pairwise interaction, with third- and further near-
ested in changing, specifically the vibrational frequencies agst neighbors contributing less than 1.1% of the interaction.
the Aq;; site and the activation energy for diffusion on the The hyperbolic secant is specifically added in a region which
(111) crystal face. This is an attractive approach in principle,almost exclusively affects the second-nearest-neighbor inter-

but in practice it only succeeds to a limited extent becauseaction of the 3%, site. This localized change allows an in-
several of the stationary points whose energetics are to b&rease in the energy of the 4 site [and, therefore, an in-
simultaneously addressed are very close to one another in thgease imA Ef) of the diffusion process on th@11) surfacg
space of the independent variables. Thus, if one introduces\githout severely affecting the vibrational frequencies or-
correction function that is active only in the offending region thogonal to the reaction paths.

of the PEF, it needs to be so sharply varying that it tends to  The H-atom embedding function has a much larger effect
introduce fluctuations of the frequencies along the reactiogyn the energies of the stationary points than on the frequen-
paths. If, however, one introduces a smoother correctiogies. Therefore, the functional form 6t,(p,) was general-
function, it tends to damage the accuracy of energetic prezed to allow the embedding function to depend on additional

dictions for other equilibrium or transition state sites. Al- combinations of the density contributions of the other atoms.
though the fluctuation problem is not a serious one if then particular,

fluctuations are small, we found that attempts to make local-
ized changes that are large enough to make(iid) diffu-
sion barrier agree with experiment introduced severe fluctua-  Fy(p,.p' Y @)= [Ep paXen pa)]
tions that led to an oscillating vibrationally adiabatic ground- =1 : :

N

state potential-energy curysee Eq(3)], which in turn leads 2

to unphysical tunneling calculations. Although some im- + > Easech £o(p — &a)1,
provement can be obtained with local modifications, we k=1

eventually concluded that it is necessary to increase the (16)

space of independent variables, and we did this by introduc-

ing a nonlocal density feature in the embedding functionwhere

The final strategy thus involved a combination of global,

!ocal, and no_nl_ocal approa(_:hes, and these steps are discussed ~ (k) _ 2 ()%

in more detail in the following paragraphs. Pa < \Par) ™
We first employed the global and local reparametrization ¢

schemes without extending either method so far that eitheFhis is a computationally efficient way to introduce what

oscillating vibrationally adiabatic ground-state potential-would be equivalent to nonlocal correctiofggadient correc-

energy curves or significantly larger errors (f00) were  tiong in density-functional theory. It is similar to the embed-

introduced, and then we introduced nonlocal functional deding functions used in previous wofg;'°but in addition to

pendency to decrease the remaining erroldri). The func-  being a function of the sum of individual electron densities

tional form was introduced ifF4(p,), the embedding en- created by all other atoms, it is also a function of the sum of

ergy of the H atom, and we simultaneously reparametrizet¢he individual densities all taken to some povi@y and of

Zu(R,,), the effective nuclear charge of the H atom, totheir sum when taken to some other powr. This function

reproduce as accurately as possible the frequencies and egives different embedding energies for two sites with ap-

ergetics associated with four of the surface stationary pointproximately the same,,, depending on whether that, re-

mentioned in Sec. Il Af1g0, F100, A111, and H19). sults from a larger number of smalléand hence more
For Z4(R,.’), we chose to use slowly varying density contributions or a smaller number of

larger (and hence more rapidly varyipgontributions. As a

(17

3 T/R..\S R, consequence, it more clearly distinguishes the regions of the
Zu(R,0 )= > [( o ex;{ o } PEF that affect the various stationary points, and it therefore
i=1 b; g; allows us to make localized corrections to the function with-
+d,sechdy(R,, —dg)]. (15) out damaging the already accurate regions.

To optimize the parameters of these functions, we first set

The reasons for using this functional form are as follows. Fot11 31d &21 €qual to zero, and use a variation of the simplex
all four surface stationary points used in the fit, 90-95 % Oﬁlgornhnf‘ to adjust the' pargmeters drH(RW’.) and th_e
the H-Ni pair interaction is due to the nearest-neighbor confirst sum of Eq.(16) to minimize an error function relating
tributions. As a result, the values &(R,, ) and its first the experimentalwhere available energetics and frequen-

two derivatives at the nearest-neighbor distances must be tHees of the.four surface stationary points use_d in the fit to
crux of any successful parametrization of Etf). The sum- thosg pred|pted by th_e- .po.tenual—energy function. The error
mation of exponentials provides the degrees of freedom neéLJnCtlon which was minimized is

essary to alter selectively the potential curve at the nearest- 2
neighbor distances of the stationary points whose s=> W(a)( Feale™ a“t) _ (18)
characteristics needed to be changed, while also providing a @



53 GENERAL POTENTIAL-ENERGY FUNCTION FOR H/Ni AND ... 11229

where a represents an observable quantiy,, is the cal- TABLE IV. Quantities used in the minimization of the error
culated value for that quantityy ;; is a target experimental function Eq.(18) for the parametrization of; andF,. Energies
value or other theoretical value from the literature, andE and zero-point-corrected barrier heightsEj are given in
W(a) is a weighting function. The weighting function ac- kcal/mol, equilibril@ heights apove the surface plarse giyen in
counts for the difference in magnitude of the various quanf and frequencies are given in wave numbers. Values in paren-
tities, and weights them according to the level of reliability (heses are calculated.

of the literature data or the acceptable level of fitting accu-

racy for realistic dynamics calculations. In particular, the® it Aajy A ace W(a)
weighting function is defined as (A100

E —64.52 0.72 0.7 5152.0

Aayy z 05" 0.1° 0.1 25.0

= . hs

W(a)=| aj maX) A, | (29 AEj 4.0° 0.9¢ 0.9 19.8

v, 5659 32 150 14.2

UT‘ 387¢ 200 3.7

where Aa; is the reported error estimate in the literature
value for the observable quantity, and A« is the re- (t100
quired level of accuracy for this quantity. Usuallf@ occ  — f 10

- 7 . ) v, (1428 200 51.0
equalsA aj;;, unless no error estimate is given in the litera-
ture or if Aa |; is much smaller than is necessary to obtain a

; (A119)
good fit to the data.

The quantities used in the minimization of the error func-E _66',12g 0'63 0.6 17476.8
tion and the corresponding quantities used in E&8) and s 1'0i 0'2i 0.2 250
(19) are given in Table IV. For th&ooandA 44 Sites, values AE, 33 10 10 10.9
for ay, were taken from experiment:383%41=5N/ajues for Vi 11521 30! 150 58.8
Ay, are either the error range given in the reference or the'l 955 200 22.8
range of experimentally measured values for the given quan-
tity. The ay; values for the perpendicular hydrogenic vibra- ($119)
tional frequency at the saddle points were obtained fromv. (1183 200 35.0

theoretical calculations made for thg§site® and the 3,

site®® Since there are no experimental data Eqrf;o) and

E($111), we estimatedy;; values for these quantities at the

fitting stage by assuming that the experimental activation

energy at the highest available temperature range measur

. . + eference 46.

is well approximated by our calculatellE; [see Eq.(7)]. °E. from Refs. 45 and 48
. . a . :

This was a reasonable and practical way to proceed at th’?{eferences 44 and 47,

fitting stage, bgt in .Sec' IV we will discuss alterna_tlve rneth'eThis parallel vibration was actually determined from an EELS loss
ods for apprommatln@(:t) values. These alternative meth— on the(100) terrace of a N10) surface in Ref. 49,

ods are perhaps more reliable t¢%,,), because the high- o terence 5s5.

est temperatu_re experiments a\_/allable for thel) Sl_Jrface 9Binding energies calculated from heat of adsorptidi{) using
may not be high enough to validate the assumption of Eq'the method described in Ref. 10. Heats of formation were taken

(7). . from Refs. 43 and 57, and vibrational frequencies were taken from
The parameters for the effective nuclear charge on the Hgots 11 and 51.

atom, Eq.(15)., and the_IocaI part of the h_ydrogen embedd!nghReferences 50 and 52—54.
energy, the first sum in Eq16), were adjusted by approxi- iE, from Refs. 38 and 39.
mately minimizing Eq(18), and the parameters for the noN- ipoterences 11 and 51.
local part of the hydrogen-embedding function, the secondzqforence 11.

sum in Eq.(16), were manually optimized. Table Il lists the inaference 56.

values of all of these parameters for EAMG.

The actual parametrization that we have just describedll results in Table Il and subsequent tables are converged
was based on rigid-lattice calculations. We have sH8wn with respect to relaxing the lattice atoms by the embedded-
that the frequencies and energetics of H on(ttg0) crystal  cluster method, both to confirm the effect of lattice motions
face do not depend very much on lattice motion. We als@and also to be consistent with results for interior sites and for
determined, through a brief study of tligll) face in the the absorption and deabsorption processes, for which lattice
previous® work, that the same is true for H on th&11)  motions areveryimportant.
crystal face. Since lattice motion has such a small effect on The interior stationary point®, and } were not consid-
these quantities, it was not necessary to use nonrigid latticered in the parametrization as described above; however,
during the parametrization stag€The above conclusions since the corrections made for H interaction with Ni were
were originally made from results calculated with EAMS5, primarily local ones that mostly affectet;; and 4,,, they
but we later found that calculations with EAM6 yield the did not alter the energetics and frequencies of the interior
same conclusions, as we will show in Sec.)llNote that stationary points. As a result, the calculation of these quan-
although parametrization was carried out with rigid lattices tities closely match the EAM5 calculations, which are rea-

aBinding energies calculated from heats of adsorptitki{) using

the method described in Ref. 10. Heats of adsorption were taken
from Refs. 42 and 43, and vibrational frequencies were taken from
Refs. 44 and 47.
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TABLE V. The (100), (111), (110, and(111) subsurface lattice

structures. The first column lists the number of atoms in each plane
of the lattice with the exposdd00) crystal face, the second column [ o
is for the lattice with th€111) face exposed, the third column is for 6 r O )
the lattice with the(110) face exposed, and the fourth column is for ? :—gggg fr’;ﬁ’;iies
the subsurface lattice calculatiopeso with the(111) crystal face = 57 —=—(111) energies |
exposed Numbers in parentheses are the numbers of atoms in the g ¢ ~0=(111) frequencies
primary zone in each plane. The surface plane is denoted plane 1, E 4 —*—(110) energies |
the atomic plane immediately beneath the surface plane is denoted s i o= (110) frequencies
plane 2, etc. .§ I —
3 o
Plane (100 (111 (110 Subsurface 2 0 j
2] H
1 132(20) 136 (14) 98 (10 141 (18 E l.
2 126(12) 125(12) 95 (11 137 (12 1 !O ________________ 2
3 124(6) 123(3) 92 (10) 136 (7) i
4 112 108 937) 129 0 bt —
5 98 90 84(2) 114 0 10 20 30 40
6 78 71 83 91 N
7 60 42 76 69
8 44 3 68 42 FIG. 6. Root-mean-squared percentage deviations from rigid lat-
9 16 58 7 tice calculations of H binding energies and vibrational frequencies
10 49 for H adsorbed at stationary points on (Nd0Q), Ni(111), and
11 40 Ni(1_10) for increasing numbers of primary zone atoms. See text for
12 29 details.
13 14

which the primary zone is extended is thg;q minimum-
energy site. The lattice contains 879 atoms with up to 40
atoms in the primary zone. The fourth lattice, used for the
H/Ni(interior) calculations, contains 1532 properly spaced Ni
oms that fit within two overlapping spheres of radii 15.3 A
entered at two adjacefl; sites, and the primary zone con-
sists of up to 52 atoms. The fifth lattice, used for thé1)
subsurface calculations, also exposes(itiEl) crystal face.

IIl. CALCULATIONS AND RESULTS For this lattice, however, the locations of the stationary

To construct embedded clusters, it is necessary to defifPints from which the primary zone is extended are the
the specific locations of the important stationary points of thé?s.111Site and the adjacer; ,, site. The lattice contains 866
hydrogen atom with respect to the lattice atoms. Given thesBi 2oms, with up to 37 Ni atoms in the primary zone. Table
locations, it is then necessary to decide which of the lattice/ 9ives a breakdown of the number of atoms in each atomic

atoms will be allowed to move in the simulation. For each ofl@yer for the four lattices which expose a crystal face, and
the processes studied, the locations of the stationary poinf®W many in each layer are in the primary zone. Note that
from which the limits of the primary zone are extended arethis brea_kdown is not applicable to the interior lattice.
the reactant and product minimum-energy sites for the pro- 1N€ size of the primary zone for each system has to be
cess. For thg110) calculations, the limits of the primary large enough that the energetic and dynamical re_sults are
zone are extended from tig, site. The construction of the Cconverged with respect tl, the number of atoms in the
lattices is outlined below. primary zone. To determine the proper size of each primary
We constructed one lattice for each of the three crystafOne, we examined the convergence of the results with re-
faces, one lattice for the interior calculations, and one lattic§P&ct toN. The six curves in Fig. 6 are plots of the root-
for the (111 subsurface calculations. The first lattice, usedMean-squared percentage deviation of the calculated H bind-
for the H/Ni(100) calculations, exposes th00) crystal NG energies and vibrational frequencies of H adsorbed at

face. The locations of the stationary points from which theSites on the three surfaces for various valuell éfom those
limits of the primary zone are extended are two adjacenPbtained from arigid surfaceN=0) calculation. In particu-
fourfold A, Sites, specifically the reactant and product sited@'> the curves are plots of the expression

of the hopping process. The lattice consists of 790 atoms, up | 5 2

to 38 of which are in the primary zone. The second lattice, E (aN,i_aO,i> /I} (20)
used for the H/Ni111) calculations, exposes th&11) crys- “~ ag; '

tal face. The locations of the stationary points from which

the primary zone is extended are two adjacent threefoladvhere «q; is a quantity calculated for a rigid surface
Ay sites, specifically the reactant and product sites of th¢ N=0), anday; is the same quantity calculated for a sys-
hopping process. The lattice consists of 698 atoms, with upem with N atoms in the primary zone. Figure 7 is a similar
to 29 atoms in the primary zone. The third lattice is used fomplot for the subsurface and interior site calculations. Note
calculations on thé€110 crystal face, and the location from that, for each system, both a frequency convergence curve

total 790(30) 698 (29) 879 (40) 866 (37)

sonably accurate compared to experiment, as confirmed b
relaxed-lattice calculations reported below.
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kcal/mol. The sum of the hydrogenic vibrational frequencies

0 transverse to the reaction path mode at@hesite decreases
60 by 399 cm ! (which corresponds to a 0.6-kcal/mol decrease
o Ao — o ] in zero-point energy while that at the { site decreases by
f 2267 cmi ! (which corresponds to a 3.2-kcal/mol decrease in
=z 50F ] . . .
c zero-point energy Combining the energetic and frequency
kS 40 i effects leads to a decrease M/ﬁG [see Eqg.(5)] for the
5 I ] interior diffusion process of 14.2 kcal/md@L1.5 kcal/mol
kS from binding energy and 2.7 kcal/mol from frequengies
§ 30+ upon relaxation. A similar treatment with th®s;,; and
R | Tap 111 Sites leads to a smallébut still substantigldecrease
g 20¢ —e—subsurface energies | in AV:C for the deabsorption process of 4.5 kcal/mol upon
= —o-subsurface frequencies relaxation. Since these relaxation effects are so pronounced
10 Tmenor ZZZE’;?SCWS for the subsurface and interior systems, particularly for the
saddle points of the reaction paths studied for these systems,
0 they have to be taken into account to carry out accurate dy-

0 10 20 30 40 50 60 namics calculations.
N It is clear that the results are converged by the highest
_ _ value of N used for each particular system, and in many
FIG. 7. Same as Fig. 6, except for H absorbed at stationary.zseg the results are nearly converged\sy10. A similar
points in subsurface Ni and interior Ni. See text for details. convergence was found for the rate constants. For example,
rate constants calculated at the highest valu®l ofiere all
and a binding-energy convergence curve are given. Table Mhithin 6% of the rate constants calculated at the second-
gives the particular sites examined, and corresponding valudgghest value orN.
of N and | used in expressiorf20) for the convergence Next we examine the variational and tunneling effects ob-
curves for each system. The valuesNoexamined for each served for the systems studied. Table VIl gives the ratios of
case are dependent upon the structural symmetry of the latate constant&(T), calculated by CVT and CVT with tun-
tice for that case, as discussed previodsifhe value ofl neling corrections, to those calculated with conventional
used in expressiofR0) is equal to the number of stationary TST at a sample of temperatures. For the surface diffusion
points examined for the binding-energy convergence curveprocesses, Vvariational effects are negligibléi.e.,
(i.e., one binding energy for each stationary ppiand itis  kVT(T)/k™SY(T) equals 1.Q For interior diffusion and de-
equal to three times the number of stationary points examabsorption, however, the effects are substantial. For example,
ined for the frequency convergence curyes., three hydro- for interior diffusion, the CVT rate constants are lower than
genic vibrations for each stationary pgint the TST rate constants by a factor of 2 at 600 K, and for
Figures 6 and 7 demonstrate that lattice motion is fadeabsorption at the same temperature the CVT rates are
more important for the subsurface and interior calculationdower than the TST rates by 27%. Variational effects become
than for the surface calculations. Specifically, lattice motioneven more important at highér. For three of these four
changes the binding energies by less than one-half of ongrocesses, tunneling effects are very important, primarily at
percent for the surface calculations, but by 30—40 % in thdow temperatures. The important conclusion obtained from
subsurface and interior. Similarly, lattice motion changes thélable VIl is that variational effectgespecially for the inte-
surface frequenciefthose on the(100), (111), and (110 rior and subsurface procesgesd tunneling effectgespe-
faced by less than 6%, but it changes the subsurface andially at low temperaturgsare important for a uniformly
bulk frequencies by roughly 30—60 %. We note further thatvalid treatment of all the processes considered. Therefore, all
the tightly bound saddle points are more affected by latticaate constants and diffusion coefficients presented in this pa-
motion than the minimum-energy sites. Upon coupling to theper are calculated using CVT with tunneling corrections.
vibrations of the lattice, the energy of ti@ site decreases Using the lattices described above with EAM6 and ver-
by 3.4 kcal/mol, while that of the isite decreases by 14.9 sion 6.1 of thePoLYRATE code>® we calculated binding en-

TABLE VI. Specific sites examined for each system, and corresponding valuessgfd in expression
(20) for the binding energy and frequency convergence curves. Valudsaoé the numbers of atoms in the
primary zones considered in the convergence tests.

| in expression20)

System Sites Frequency curve Binding energy curve Valué$ of
H/Ni(100) A100:F100 6 2 0, 6, 14, 38
H/Ni(111) At 6 2 0, 4, 10, 29
H/Ni(110 Ai1o 3 1 0, 3, 14, 26, 40
H/Ni(subsurface OS,lll!iAb,llll:tS,lll 9 3 0, 6, 13, 31, 37
H/Ni(interior) O,.Te § 9 3 0, 10, 22, 52
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TABLE VII. Ratios of rate constants calculated by conventional ~ TABLE VIII. Binding energiesE, hydrogen equilibrium heights
TST, by CVT, and by CVT with tunnelingCVT/T) at a sample of z above the surface plane, hydrogen-nickel equilibrium nearest-
temperatures. For thg00) and (111 diffusion processes, the tun- neighbor distanceR,,;, perpendicular H-Ni stretching vibrational
neling method is SCTQ, and for interior diffusion and deabsorption frequencies, , and doubly degenerate parallel H-Ni surface vibra-
the tunneling method is SCT. tional frequencieSp_”for H on Ni(100 calculated by EAM5 and
EAMG6 compared to experiment.

Temperature KEVT(T) KEVTT(T) KEVTT(T)
K™ST(T) KSVT(T) KTST(T) Quantity Experiment EAMS EAM6
(100 diffusion (A100
120 K 1.00 1.61 1.61 E (kcal/mol) —64.5+0.7° —64.76 —65.50
300 K 1.00 1.08 1.08 z (A) 0.5+0.1° 0.50 0.49
600 K 1.00 1.01 1.01 Rini (A) 1.82-2.0° 1.83 1.84
v, (cm™Y) 532-597¢ 753 751
(11 diffusion v (em™) 524 607
120 K 1.00 176.14 176.14
300 K 1.00 1.64 1.64 ($100
600 K 1.00 1.21 1.21 E (kcal/mo) [—60=x2°] —60.76 —61.53
z(A) 0.93 0.94
interior diffusion Runi (A) 1.56 1.58
120 K 0.67 1.33 0.89 v, (em™) 1270 1192
300 K 0.59 1.05 0.62 vy (em™h) 449 569
600 K 0.46 1.00 0.46
3Reference 10.
1500 K 032 1.00 0.32 bSee footnote a in Table IV. The value given is an average of values
. calculated from the two experimental determinationsAdfi;,
deabsorption which individually yield —64.5+0.4 (Ref. 43 and —64.6+0.6
120 K 0.83 6434.99 5341.04  (Ref. 42 keal/mol.
300 K 0.81 2.74 2.22 cReference 46,
600 K 0.73 1.01 0.74 “References 44 and 47.
1500 K 0.58 1.00 0.58 ®Estimation based on activation energies from Refs. 45 and 48. See

the discussion at end of Sec. IV A.

ergies, geometries, and vibrational frequencies of an H atom o o

adsorbed at thé\;p0, $100, Ai11, F111, and Ay sites and Results for the diffusion coefficients of H on the(Mb0)
absorbed at th®,, Te, 1, H;, Os111, Tesii1, Fsiit, crystal face are shown as an Arrhenius plot in Fig. 8 along
and %y, 114 Sites. We also used CVT with the SCTQ and SCTWith literature results. George, DeSantolo, and Hathea-
tunneling approximations to examine the dynamics of H dif-Sured the diffusion coefficients using laser-induced thermal
fusion on(100) and (111) and in interior Ni, as well as H desorption, and performed the experiments at a hydrogen
absorption into the(111) surface and the reverse process.c0veraged of 0.12 ML. The same technique was used by
Results of these calculations are given in Tables Vill-xvMullins etal,”™ who measured the diffusion coefficients
and Figs. 8—13, and they are discussed in Sec. IV. with approximately one monolayer of hydrogen atom cover-
age. Lin and Gomé&? measured the diffusion coefficients
with field-emission fluctuation and with hydrogen-atom cov-
erages ranging from 0.25 to 0.95 ML. The results plotted in
A. H/Ni (100 binding sites and surface diffusion Fig. 8 that represent the work of Lin and Gomer are esti-

IV. DISCUSSION

We compare several quantities to experifierif in
Table VIII. First we consider quantities related to the equi- TABLE IX. High-temperature Arrhenius parameters for H dif-
librium binding sites, which are fourfold sites on this crystal fusion on N{100 calculated by EAM5 and EAM6 compared to
face. Binding energiesH, kcal/mo) are given with respect €xperiment. Activation energies, are given in kcal/mol, and pre-
to the classical energyf@ H atom infinitely separated from exponential factor®, are given in cné/s. Numbers in parentheses
the surface. Hydrogen equilibrium heights above the surfac@re powers of 10.

(z, A) are calculated as the perpendicular distance from thg _
center of the H atom to the plane formed by the surface NRUaNty

Temperature  Experiment EAM5 EAM6

atoms. Hydrogen-nickel equilibrium distancé®(y;, A) are E, 211-262 4.0+-0.9° 4.08 4.18
the distances between the center of the H atom and the center 223_28%F 3.5+0.3¢ 4.09 4.22
of one of the Ni nearest neighbors. The perpendicular hydrop, | 211-26%  45(-3)° 46(-3) 2.8(-3)
genic vibrations ¢, , cm~?) are for the H atom stretching 203_28%F 25(-3)°  4.7(-3) 2.9(-3)

perpendicular to the surface plane. The parallel hydrogenic
vibrations (|, cm™~1) are for H-atom motion parallel to the 2Reference 10.
surface plane. Results for these quantities are all in verjReference 48.
good agreement with experiment. ‘Reference 45.
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TABLE X. Same as Table VIII, only for H on the Kill) TABLE XI. Binding energyE and frequencies of hydrogenic
surface. vibrations perpendicular to the surface plamg)(and parallel to the
surface plane+, andwv;) for H adsorbed on the pseudothreefold
Quantity Experiment EAMS EAM6 binding site of the Ni110) surface calculated by EAM5 and EAM6
and compared to experiment.
(A111)
E (kcal/mol) —66.2+0.6° —62.42 —63.72 Quantity Experiment EAMS EAM6
z(A) 1.05-1.25° 0.93 0.94
R (A) 1.78-1.90¢ 1.72 172 E (kcal/mo) —64.7£0.9" -63.1 -64.7
7, (em™Y) 1121-1170¢ 1178 1075 V1 (em™) 1100° 1188 1053
v—” (Cm—l) 955¢ 387 709 E (cm:l) 870° 208 604
v3 (cm™1) 635°¢ 316 599
(i}“) “Reference 10.
E (keal/mo) [-62+27] —61.60 —61.53 bBinding energy calculated from heat of adsorptiaH;) using
z (A) 0.99 101 the method described in Ref. 10. Heats of adsorption were taken
&-Ni A 1.60 1.62 from Refs. 43 and 66, and vibrational frequencies were taken from
v, (cm™Y) 1281 1489

ht L, Ref. 63. The value given is an average of values calculated from
v (em™7) 475 921 the two experimental determinations AH, which individually

ield —65.0+ 0.3 (Ref. 43 and —64.4+ 0.6 (Ref. 66 kcal/mol.
“Reference 10. C)F/Qeference 63.

bSee footnote g in Table IV. The value given is an average of values
calculated from the two experimental determinationsAdfl,
which individually yield —66.2+ 0.3 (Ref. 43 and —66.2+0.6
(Ref. 57 kcal/mol.

‘References 50 and 52-54.

YReferences 11 and 51.

*Reference 11.

fSee Sec. IV B for a discussion of the estimation of this quantity.

agreement with the high-temperature experimental Arrhenius
results of George, DeSantolo, and Haind Mullinset al*®

We next consider very low temperatures. Results at these
temperatures depend strongly on the temperature at which
the Arrhenius plot has its maximum curvature; this is called
the transition temperaturé.in previous work'® we showed
that if a system can be qualitatively represented by a rigid
o . ) surface with a harmonic reactant well, and the effective
mated from the activation energies and preexponential faG;gtential-energy barrier can be reasonably approximated by a
tors reported in Ref. 38. Their results over this coveragé,arahola, then the transition temperatlifecan be estimated
range varied by less than one-half order of magnitude etee p 5 simple function of the magnitude of the characteristic

41 ; ; ; ; ; ;
al.”" used linear optical diffraction tec_hmque_s for their Mea-imaginary frequency describing that parabola. Specifically,
surements, and the results representing their work plotted in

Fig. 8 are for a hydrogen atom coverage of 0.7 ML. All of hc[v7]

the theoretical work in the present paper was done in the Ttrgm- (21)
single-adatom low-coverage limit. For the most part, agree-

ment of theory and experiment is reasonably good for thavhere[v | is the magnitude of the imaginary frequency in
magnitudes of the diffusion coefficients above about 90 Kwave numbers of an effective parabolic potential barrier. Fit-
Table IX gives the high-temperature Arrhenius parametersing the VS potential-energy barrier curve to a parabola on
calculated in the current work. The results are in very goodhe average frons~—1.30 A tos~1.30 A yields an imagi-

TABLE XII. Calculated values for the binding energigsal/mo)) of H adsorbed at the f,, A111, andA;4, sites by various theoretical
methods compared to experiment.

Method Reference E(A00 E(A119) E(A110
(Experiment Refs. 11, 42—44, 47, 51, 57, 63, and®6 —64.5-0.7 —66.2-0.6 —64.7£0.9
EAMG6 current work —65.5 —63.7 —64.7
EAMS5 Ref. 10 —64.8 —62.4 —63.1
DFT with nonlocal corrections Mlynarski and Salah@i®ef. 73 -67.1 -63.9 n.aP
cluster model with bond preparatién Panast al. (Ref. 72 —-60.3+3.0 —-61.7+45 n.a.
cluster model with bond preparatidn Panaset al. (Ref. 72 —-61.6 —-57.2 n.a.
delocalized effective-medium theory Lee and DePrigtef. 7)) —64.8 —-57.4 -61.8
effective-medium theory Nskov and co-workergRefs. 69 and 70 —-62 —-62 —-62
cluster model Upton and Godda(Ref. 68 —-70.1 —-63.4 n.a.
tight binding Fassaert and van der Avoifef. 67 -51.7 —49.4 n.a.

aSee footnotes a and g in Table IV and footnotes b in Tables VIII, X, and XI.
®n.a. denotes not available.

‘Average taken over all cluster sizes.

dLargest cluster size only.
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TABLE XIIl. Binding energieskE, hydrogen-nickel equilibrium nearest-neighbor distarRgs; , hydro-
genic vibrational frequencies, Arrhenius activation energieE,, and Arrhenius preexponential factors
D, for absorbed H as calculated by EAM5 and EAM6 compared to experiment.

Quantity Temperature Experiment EAM5 EAM6
(01 0K

E (kcal/mo) —53+2°P -55.21 —54.40

Ruyni (A) 1.82 1.82

v (em™Y 800-85CF 858-860 857-859
(Te) 0K

E (kcal/mo) —45.40 —44.81

Runi (A) 1.64 1.65

v (em™Y) 916-922 1251-1256
(1) oK

E (kcal/mol) —44.97 —43.25

Ruyni (A) 1.59 1.59

v (cm™Y) 1124, 1120, 310i 1387, 1385, 695i
(H) 0K

E (kcal/mo) —-41.61 —38.59

Ryni (A) 1.49 1.49

v (em™Y) 1720, 396i, 622i 1055, 278i, 526i

Arrhenius parameters for interior diffusion

E, (kcal/mol 295-300 K 10.1 11.1
300-627 K 9.414 10.1 10.9
627-1650 K 9.71¢ 10.0 10.2

D, (cm?/s) 295-300 K 1.3€3) 1.3 (-3)
300-627 K 48¢3)¢ 1.4 (—3) 7.8 (—4)
627-1650 K 6.9¢3)¢ 1.2 (—3) 4.4 (—4)

aReference 10.

bBinding energy calculated from heat of absorptibhi; using the method described in Ref. 10. Heats of
adsorption were taken from Refs. 75 and 76, and vibrational frequencies were taken from Ref. 77.
‘Reference 77.

YReference 74.

nary frequency with a magnitude of 287 crh(as compared but the results above the transition temperature are in very
to 305 cm ' computed fromd?Vep/ds? at s=0). Using  good agreement with experimé&nf®and other theoretical

287i cm™ ! in Eq. (21) yields a transition temperature of 66 results, as discussed above.

K, in good agreement with the value obtained by visual ex- Although there is no experimental measurement for the
amination of the Arrhenius plot of the full dynamics calcu- binding energy of a hydrogen atom at the saddle point on the
lations in Fig. 8. As in previous work the calculated tran- (100 surface(or for any saddle point values forE(f1q9
sition temperature is lower than the experimental $fé. can be estimated from the activation energies obtained by
The different locations of the transition temperatures amongseorge, DeSantolo, and Halland Mullins et al*® because

the various studies makes further comparison of the very-

low-temperature diffusion coefficients and Arrhenius results TABLE XV. Arrhenius activation energieg, (kcal/mo) for H

(i.e., at and below the transition temperajubinteresting, Moving from the subsurface octahedral site to the surfacg
minimum-energy sitédeabsorptio)y and for absorption fromd\;;;

TABLE XIV. Binding energiesE (kcal/mo), and frequencies of t0 the subsurface octahedral site. All results are calculated with the
hydrogenic vibrationy (cm~1), for the Og 115 and 4y 13, subsur-  CVT/SCT approximation.
face sites, and classical and vibrationally adiabatic barrier heights

AVyer and AV (kcal/mo) for H diffusing from the subsurface T (K) Deabsorption Absorption
octahedral site to the surfadg ; minimum energy site. 40-100 0.47 754

. 100-120 1.59 9.85

uantit 0]

Quantity s Fabans 120-200 2.60 10.99
E —55.39 —49.53 200-300 4.35 12.97
v 862, 862, 820 1266, 1265, 970i 295-300 4.85 13.58
AVyep 5.86 300-500 5.06 13.93
AVE 6.12 500-1000 5.10 14.27

a
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FIG. 8. Diffusion coefficients of H on N100) and H on N{111) —E (kcal/mol)

calculated in the current work compared to previous experimental

and theoretical work. Solid circles represent current work, squares FIG. 10. Logarithm to the base 10 of the Boltzmann-weighted
represent George, DeSantolo, and H&Ef. 45, diamonds repre- transmission probabilities, EqR23), from each of the quantized re-
sent Mullinset al. (Ref. 48, triangles represent Mattsson and co- actants states shown in Fig. 9 at various temperatures. The dashed
workers(Ref. 59, short dashes represent Lee and co-workRess.  vertical line atE=63.67 kcal/mol is the vibrationally adiabatic

39 and 4}, and long dashes represent Lin and Goitfreaf. 38. ground-state energy of the Tsite.

these results are at a high enough temperature that the meaent using the results of Mullinst al. yields a classical
suredE, is well approximated by our calculateitiEé [i.e., barrier height of 4.30.9 kcal/mol and therefor& (o0
Eq. (7) is valid]. In particular, we note that E@7) should be equal to—60.2+ 1.6 kcal/mol. Combining the two estimates
most valid if the temperature is simultaneously high enouglgives —60=2 kcal/mol, and Table VIII shows reasonable
that tunneling is negligible, and low enough that the assumpagreement of theory and experiment.

tions of harmonic transition state theory do not break down.
The results of Lin and Gom& and by Leeet al*! are re-
stricted to the very-low-temperature regime, where tunneling
cannot be neglected even approximately. Thlh_% is prob- The results for thé111) crystal face are given in Table X
ably much better estimated from the higher-temperature exand Fig. 8. Again we first consider results for the equilibrium
periments of George, DeSantolo, and Ffalind Mullins  binding site. Table X shows thaj for A;;;, shows a marked
et al*® on (100). Using our saddle-point frequency calcula-
tions with the results of Ref. 48 yields a classical barrier

B. H/Ni(112) binding sites and surface diffusion

height of 3.8£0.3 kcal/mol. Combining this with
E(A1p) = —64.5=0.7 kcal/mol (see Table VII} yields a
value of —60.7=1.0 kcal/mol forE($,99. A similar treat-
A 3
o4/ f §
Te e
= =1
S 60f ] S
£ 8
S
S i
L
21 0, 0, 1

FIG. 11. Logarithm to the base 10 of coefficients for H interior
FIG. 9. Vibrationally adiabatic ground-state potential-energydiffusion in Ni. The solid line represents SCT calculations, and the
curve for interior diffusion from on®, site to another. Quantized dashed line represents SCTQ calculations. Arrhenius results pre-
reactant state energy levels are marked in the reactant octahedssnted in Table Xl are taken from SCT results. See the text for
well whose minimum occurs a=—2.7 A. discussion.
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exhibit a sizable nonmonotonic H-atom coverage depen-

10105 i dence. For example, the experiments of letenl3 were
SN ‘ 1 done at an approximate H-atom coverage of 0.3 ML. At this
105 % de-absorption 4 coverage, Lin and Gom&measured an activation energy of
: kY : approximately 3.6 kcal/mol. However, the latter researchers
100F : found that even over a relatively narrow range of H-atom
R g , 1 coverages on thél1l) surface ¢ from 0.08 to 0.32 mono-
T, 10°5) b 1 layen, the activation energy varie(somewhat erratically
= : by 1 between 2.6:0.3 and 3.90.3 kcal/mol, and showed a
< 10107 “ ; marked downward trend as coverage decreased from 0.2 ML
1 ™ absorption 1 to the lowest coverage examined, 0.08 ML. In contrast, re-
1015} ™, ] cent studies by Wong, Lee, and Zfindicate an upward
i e ; trend in the activation energy as coverage is decreased from
107207 A 0.30 to 0.05 ML. Further, Lin and Gontéralso found erratic
. R behavior for the pre-exponential factors, which varied from
1025 : w "‘ 9% 10 % to 4x10 2 cm?/s for coverages from 0.08 to 0.32
0 5 10 15 ML.
1000/T (K™ Nevertheless, with these cautions we proceed to offer an

attempt to estimate an “experimental” value for the binding

FIG. 12. Hopping rate constants of H for the absorption proces€nergy of the saddle point on this surfaB&;,,7), by using
from the A4, site atop the NiL11) surface to a subsurface octahe- the activation energies measured by Lin and Gdfhand
dral site below the NLL11) surface Os11), and for the reverse Lee et al3® and then applying the same treatment as used
deabsorption process as calculated by the CVT/SCT method.  above to calculatéE(t,0). We immediately run into the

further difficulty that the experimental results for tliElL1)

improvement of EAM6 over EAMS5, but the equilibrium surface are not at high enough temperature to validate Eq.
height above the surface plane is still too low. (7), and therefore the estimation Bf1;,) is not as straight-

Next we consider the surface diffusion process(bhil). forward as it is forE(F149 . Still, we will make an attempt to
Fitting the VS curve froms~—0.67 to 0.67 A to a parabola estimateE(¥,;1) here, because it can provide us with some
yields an imaginary frequency of 426m ! (as compared insight into the accuracy of the 11) surface calculations of
to 355 cm~ ! calculated fromd?V,ep/ds? ats=0). Using EAM6. Specifically, given that our calculated activation en-
the effective value of 426cm~* in Eq. (21) yields a transi-  €rgy appears to be low compared to the low-temperature ex-
tion temperature of 98 K, in close agreement with the fullPerimental data, we can estimate to what extent our predicted
dynamics calculations given in the Arrhenius plot in Fig. 8,binding energy at the t, site might be in error.
for which the temperature of maximum curvature is 115 K. As noted above, Lin and Gontérmeasured activation
Both calculated values are in excellent agreement with th€nergies on thg11l) surface of approximately 3:31.0
experimental results of 10@Ref. 38§ and 125 K39 kcal/mol immediately above their transition temperat{ios

The comparison to experiment for thkl1) crystal face is  the temperature range of approximately 100—12p fér
complicated because, unlike the experimental results obH-atom coverages ranging from 0.8 to 0.32 ML. If we be-

tained for the(100) crystal face, those for thélll) face lieve that our frequencies calculated foy, fare reasonably
accurate(which is a reasonable assumption since our calcu-

lated frequencies foA;, agree well with available experi-

mental frequencigs and if Eq. (7) were valid for 100 K

<T<120 K on the(111) surface(this assumption is most

likely inaccurate, as will be discussed shortihen we could

N use our calculated frequencies and the activation energy of
Lin and Gomer to obtain a value of 3:2..0 kcal/mol for the

+ classical barrier height. Combining this  with

X ’X:’A E(A;17)=—66.2+ 0.6 kcal/mol(see Table Xwould yield a

E (kcal/mol)

value of 63.@- 1.6 kcal/mol fgorE(:cm). A similar treatment
I

with the results of Leeet al”™ would yield a value of 3.3
kcal/mol for the classical barrier height, and a value of

AN

region
1]

region
Il

region
|

62.9+ 0.6 kcal/mol forE(%417).
The above treatment is not reliable because most likely
AEf;’ is not a good estimation d&, for the low-temperature

FIG. 13. Schematic diagram of the minimum-energy reaction'@nges of the available experiments on (h&l) surface be-
path d a H atom diffusing across @11) surface, absorbing into the Cause of the tgnnellng effeCt- We use the re_SU|tS fo(10€)
surface, and diffusing in the interior. Region | represents the psurface to estimate the size of the effect. Since the results of
atom diffusing across the 11) surface, region |l represents absorp- Lin and Gome® indicate a transition temperature of ap-
tion from theA,y; site to theOsg 4, Site beneath the surface, and proximately 100 K on both th€l00) and(111) surfaces, the
region Il represents H diffusion in the interior. Energy ordinate is ratio of the rate constants,oo andk,,,, measured at 120 K

with respect® a H atom infinitely far away from the Ni surface.

(the highest measured temperature common to both surfaces
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in the experiment combined with the known high-
temperature activation energy on tt#0 surface, can pro-

FUNCTION FOR H/Ni AND ... 11 237

plane; another,) is a vibration parallel to the N110) sur-
face plane, polarized parallel to the Ni atomic rolsse Fig.

vide some insight into what a high-temperature activation3); and the last ¢;) is a vibration parallel to the NL10)

energy would be on thél1l) surface. Specifically, we as-
sume

. . KlO({TC)
E.(111, highT)=E,(100, highT)+RT In-r—"
klll(Tszz)

surface, polarized perpendicular to the Ni atomic r&is.
Table Xl gives the energetics and frequencies at this site
calculated by EAM6 and compares them to experiffietit®®

and to those calculated by EAM8We note that the results
calculated by EAM6 are in much better agreement with ex-
periment than are those calculated by EAM5. Thearallel
vibrational frequency is still low, but the error has been re-

where T¢ is the highest temperature measured in commonry,ced by 60% as compared to EAM5. The overall agreement

for both the(100) and(111) surfaceq120 K for the work of
Lin and Gomey, R is the gas constanE, (111, highT) is
the high-temperature activation energy for thé1) surface,
and E, (100, highT) is the same quantity for th€l00
surface. UsingkiooTc) and kqq4(T¢) from Ref. 38 and
EL(100, highT) from Refs. 45 and 48 yields a value of
3.1+0.9 kcal/mol forE,(111, highT). Then, assuming Eq.
(7) is valid with this value ofE,, we estimate a classical
barrier height of 4.8 1.0 kcal/mol for(111) and a value of
—62.2-1.6 kcal/mol forE(%,17). Because of the indirect

nature of this estimate, we increase the error estimate t

+2 kcal/mol. These results, although tenuous, indicate th

the } 44 site calculations of EAM6 are reasonably accurate

but the energy calculated for thk,,, site is too high. We
note that the apparent error in the binding energpat is
smaller for EAM6 than for EAM5, but any attempt to correct
it further in the reparametrization of EAM6 resulted in un-
justifiable damage to other predictions of the PEF.

We conclude this section with a discussion of future pros

pects for better characterizing the corrugation of (h#2)

surface. The discussion above makes it clear that a highe

temperature measurement®{T) would be especially help-

ful for this task. The field-emission fluctuation technique

used by Lin and Gomer is only alfeto measure diffusion
coefficients as fast as I8 cm?/s, and their measurements

are already bordering that cutoff. It is unlikely, then, that this
technique could be used to measure the diffusion coefficien(f

at higher temperatures. The linear optical diffraction metho

used by Zhu is expect®dto measure accurately diffusion |

coefficients as fast as 16 cm?/s, and it would be very

interesting to see higher-temperature results measured wi

the latter method for both th€l00) and (111) surfaces. In
particular, it would be interesting to see optical diffraction
measurements d@(T) for both the(100 and(111) surfaces

over the same temperature range as studied by Georgg,

DeSantolo, and Hall and Mullinet al. on (100).

C. H/Ni(110 binding sites

of the EAMG predictions with experiment for thi&10) crys-

tal face is very encouraging, particularly because (0
experimental results were not used in the fitting procedure.
This agreement gives us additional confidence that EAMG6 is
a valid PEF for H interaction with Ni in a variety of envi-
ronments.

D. Comparison of H/Ni(100), H/Ni(100), and H/Ni(111)

An interesting situation that deserves further discussion is
the status of theoretical predictions of the relative binding
nergies of thé\; oy, Aq11, andA,4 Sites. The experimental
inding energy of H adsorbed at ti#g 4 site is lower than
that of H adsorbed at thA,q site; however, our potential
function yields a lower binding energy for H adsorbed at
A1g0- Although the discrepancy with experiment has been
lessened compared to EAMS, it is not removed. Attempts to
improve the agreement of EAM6 with experiment further in
this respect resulted in worse accuracy for other features of

the potential function, such as barrier heights and frequen-

cies, which are more important than absolute binding ener-
Eﬂes for dynamics calculations. Interestingly, we note that a
wide variety of other theoretical methods have predicted the
relative energies of these sites to be in the same order as
predicted by our calculations; this is illustrated in Table XII.
The experimental error bars in this table are based on the
experimentalists’ stated error bars on heats of adsorption and
equencies as well as the finite temperature range involved
n the experiments. Possible systematic errors due to extrapo-
ation to zero coverage and to surface defects are not in-
luded. Individual theoretical studies that calculate binding
ergies of both thé,,o and A;;; sites of H on Ni include
the tight-binding extended Huckel calculations of Fassaert
and van der Avoird’ the cluster modehb initio configura-
tion interaction calculations of Upton and Godd&tdhe ef-
ctive medium theory calculations of /Kgkov and
co-workers®the delocalized effective-medium theory cal-
culations of Lee and DePrisfd,the cluster-model calcula-
tions with bond preparation enhancements by Panas,’?

tial function accurately reproduces many experimental quantions of Miynarski and Salahuli. Of these studies, only

tities relating to H on Ni100) and Ni111). Next, as a test of

the universality of this PEF, we also examine a minimum-

energy site on the X110 surface. Unlike the(100 and
(111) surfaces, the NL10) surface is known to reconstruct at
high-H-atom coverages %5 But at H-atom coverages below
1 ML, the surface is believed to remain unreconstruéfeéf
At these low coverages, the H atom is prop83e® to oc-
cupy theA,;, site described in Sec. Il Asee Fig. 3. There

on€’? found a lower energy of H at th&, ;, site than at the
A1 Site, but in that case the stated uncertainty exceeds the
energy difference between the faces. Table XIlI also includes
results for(110 where these are available. We conclude that
the relative binding energies on the various crystal faces are
very difficult to explain theoretically.

E. H/Ni interior absorption sites and diffusion

are three nondegenerate hydrogen vibrations at this site. One For H in the interior, we again consider the equilibrium

of them (v,) is a vibration perpendicular to the surface

binding sites first. There is no experimental dataTey, but
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for O, there are experimental values for the binding energywe treat proces$l) as a single kinetic step with a double-
and for the triply degenerate frequency of the hydrogen viimaximum barrier rather than as two kinetic steps. In fact,
bration. The comparison of theory and experifi&Ht is  sinceVyep(s) at 1 is only 1.56 kcal/mol higher than that at
given in Table XIll. Agreement is acceptable. We note fromTe,, but 11.15 kcal/mol higher than that @Y, there are
Tables VIII-XIII that although EAM6 is a very significant appreciable tunneling contributions from energies below the
improvement over EAM5 for the H/Ni interaction, and even vibrationally adiabatic energy level of H at the |Tsite.

though most of the corrections made to the PEF were local- We ran the tunneling calculations using both the SCTQ
ized corrections affecting only th@11) crystal face, there approximation and the SCT approximation. At most tem-
are certain characteristics of the interior ad®0) systems peratures, the two sets of results were similar. When the
which are calculateslightly more accurately with EAM5 system begins to settle into the ground state at very low
than with EAMG6. This is because EAM5 was parametrizedtemperatures, the two sets of results, as expected, begin to
primarily with quantities involving thg100 crystal face, separate from one another, with the SCTQ results leveling
and the H-Ni nearest-neighbor distances are almost identicaff more rapidly. But this does not occur until below 40 K,
for AjgoandO, as well as for 3ggand 3 . However, EAM5  which is well below the temperature range studied by experi-
was very inaccurate for th€111) crystal face. Certainly, if ment. The energy levels of the 22 quantized reactant states in
we were to limit the reparametrization to quantities pertainthe octahedral well are shown on thé curve in Fig. 9.

ing to the(111) crystal face, or even any one particular ad-Note that only the highest energy levé,, is above
sorption or absorption site, we could develop a PEF thavg[sz s’(Te)]. The effect of tunneling from the bound en-
reproduces such specific results better than EAM6 does; birgy levels at a given temperature can be quantified by cal-
it may not be a good PEF for general H/Ni interaction. Thecylating the Boltzmann distribution of the ground-state trans-

goal of this work was to create a PEF that predicts as manjhission probabilities at all energy leveits, . Figure 10 plots
aspects of the H/Ni systerfsurface and interigras accu- the quantity

rately as possible in order to be able to apply it generally to
H-Ni interactions. Although this meant allowing some of the —E
Iogw[ PS( En)ex;{ ) }

guantities which were calculated very accurately by EAM5 - (23

for the (100) surface to deviate slightly more from the ex- KT
perimentally observed values with EAMS, the final values offo; 4 series of temperatures wheRS(E,) is the ground-

the parameters were chosen to provide the best overall agregite transmission probability at enefy. The vertical dot-
ment with all quantities defining the H/Ni system. ted line at 63.67 kcal/mol i¥S[s=sR(Te)] (see Fig. T.

The interior diffusion process is complex. Experimentalyye note that at all temperatures, the tunneling probability
measurement$ of this process correspond & H atom dif- sharply increases for the ~energy level above
fusing between two adjacent octahedral vacancies. Figure \A}G[S: sR(Te,)] This is because above this energy, the sys-
shows that there are two distinct paths between®@yaites. a- v : o '

The first path, described in Sec. Il, involves the H atorntem is tunneling through two thin barriers instead of one very

passing through @ e site en route to the destinati@ site. wuie R one. .Tunnelmg. -at energy levels .beIoW/?

It can be written as _[s—s (Te)] is not negligible, and it becomes mcreasmgly
important at lower temperatures; however, our calculations
show that the highest quantized energy |dg| contributes

H(O)—H(#)—H(Te)—=H(#)—H(O)  (process ) more to the tunr?eling ?ate constant tﬁZ\n aﬁiy other level for

The second path is through the second-order saddle poiail temperatures above 50 K. However, since the quantized

H,, directly joining the twoO, sites. This process can be reactant state method only gives an approximation of the

written as energy levels, and since there are a large number of very
closely spaced energy levels in the reactantwell, we
H(O,)—H(H,)— H(O,) (process Il probably obtain a more robust calculation if the reaction co-

) ) ordinate is not quantized for calculations within the experi-
Processll) is energetically less favorable because the energyhentally measured range. Figure 11 is a plot of the coeffi-

of the second-order saddle point is 4.72 kcal/mol higher thaRients for interior H diffusion calculated at the SCT and

the energy of §, and the calculated rate constant for this gcTQ |evels. The Arrhenius results given in Table XII are
process is negligible compared to the rate constant of procesgsyen from the SCT level calculations.

(1) at all temperatures studied. As a result, prodgspro-
vides the dominant reaction path for interior diffusion. The
vibrationally adiabatic ground-state potential-energy curve
[see Eq.3)] for procesql) is shown in Fig. 9. The zero of Having obtained a PEF that we believe to be accurate for
energy for the ordinate is the classical enefigy., neglecting H interaction with Ni in a variety of environments, in this
zero-point energyof a lattice with 52 interior Ni atoms re- section we apply it to the important problems of absorption
laxed and the H atom infinitely far away. and deabsorption. Specifically, if the formation of methane
Next, we consider the mechanism for procél9s If the  from methyl radical indeed proceeds by the mechanism pro-
lifetime of H at theT g, site were long enough for the H atom posed by Marynarct all! (see Sec.)| then an important
to become thermalized there, then we would have to considgrart of this reaction is the procestaH atom moving from
two individual kinetic steps in procesgl), namely a subsurface site below théll1l) surface to theAj;;
H(O))—H(F)—H(Tg) and HTe)—H(F)—H(O)). minimum-energy site where the methyl radical rests. This
However, the local minimum ake, is not very deep, and so process is also of significant fundamental interest in its own

F. H/Ni(111) absorption and deabsorption processes
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right. Using our general PEF, we can examine this procesteatures of H interaction with NLOO), Ni(111), and N{110),
directly. The process of hydrogen passing from the first suband for H diffusion in Ni. The potential function is especially
surface layer to the surface is called deabsorptimt to be  designed to provide useful accuracy for diffusion barriers,
confused with desorption from the surface, which would bevibrational frequencies, interatomic distances, and reaction
deadsorptionbecause it is the reverse of absorption. dynamics. The parametrization of EAM6 was accomplished
Recall from Sec. Il A that there are two distinct threefold in three steps. First’ we assumed the previous form of the
minimum-energy sites on thel11) surface, and they are effective nuclear charge on Ni,@R,,'), and we adjusted
distinguished by the presence or absence of a Ni atom imyq Ni embedding functiorF y(p,) to agree with interior

mediately below the site in the second atomic layer. Wh'leproperties of Ni(with no H atom presehusing the universal

there is virtually no difference in the energies and V|brat|onalenergy function of Roset al*®® Second, we assumed addi-

frgq_uenues of the H atoms adsorbed at these tvyo sites, trﬁ%nal functional forms for the effective nuclear charge on H,
distinction does become important for deabsorption and fo . .
H(Raar), and the H embedding  function

determining at which site the hydrogenation of a methyl radi- _™" 2“7}, . . .

cal is most likely to occur. Given that the methyl radical rests™ H(Pa Pa " 1pg "), SO as to minimize as much as possible the

in the threefold hollowA,;; surface site, and given that the H deviation of several H-atom surface energetic quantities from

atom prefers the octahedral vacancy to the tetrahedral vaheir experimental and calculated values. Third, we added

cancy(which we found to be true for the immediate subsur-nonlocal density effects to the H embedding function to more

face interstitial sites as well as the higher symmetry deelearly distinguish the surface stationary points, and we ad-

interior siteg, then there are two possible H-atom deabsorpjusted this function to further minimize the deviation from

tion pathways from subsurface to surface, namely experiment. Although the PEF accurately reproduces most
experimental quantities describing an H atom interacting

H(Os 11— H(¥s110 = H(Tes110) = H(Fap 110 — H(A110) with the (100 and(110) crystal faces of Ni as well as those

(process Ill.  gescribing an H atom absorbed in interior Ni, fdrld) it

and apparently predicts too small a binding energy at the three-

fold site.
H(Os11)—H(Fap,119 —~H(A11)  (process IV. An interesting conclusion drawn from the parametrization

Notice that both processes are like interior diffusion pro-effort is that lattice relaxation is much more important for
cesses that have been modified by truncating the solid at tHénderstanding the energetics and dynamics at subsurface and
(112) surface. If the lattice were not terminated by tid 1) interior sites than it is for understanding them at surface
surface, the\;; site in processlll ) would be anO, site, and  sites. For example, hydrogenic frequencies at interior saddle
the one in procesdV) would be aT g site. The only differ-  points decrease by factors of nearly 2 upon coupling of hy-
ence between these two pathways is that proddsspasses drogenic motions to the metallic lattice motions, and the vi-
through high-energy &1, and Te, ;,, Sites before reaching brationally adiabatic barrier height decreases by over 14
the surface. This makes procé#$) less important than pro- kcal/mol. Nevertheless we were able to obtain good conver-
cess(lV), and therefore we examine proce@¥) in this  gence by the embedded cluster approach with 10-20 mov-
work. Examining procesgV) also allows us to be consistent gple atoms.
with the work of Yang, Whitten, and Markund$who stud- The results obtained for the (il1) crystal face, subsur-
ied the effects of subsurface H on surface-adsorbed.GRl  face, and interior Ni in the present study are summarized in
their studies, the CHl is adsorbed on the tetrahedral ex- Fig. 13. For this figure, region | represents the diffusion of
tendedA, 4, site, and the subsurface H atom is absorbed irthe H atom along thé111) surface. Region Il represents the
the Og 15, site. absorption of the H atom into the metal to a subsurface oc-
Table XIV gives the binding energies and frequencies oftahedral site. Region Il represents interior diffusion far be-
the two subsurface sites in proce$¥), as well as barrier neath the surface. The curves represent the classical potential
heights for the diffusion process. Table XV gives Arrheniusenergy of the reaction path.
activation energies for various temperature ranges of the for- Since the results presented in this paper are all in reason-
ward (absorption and reversgsubsurface-to-surface deab- able agreement with experiment, and since the potential
sorptior) processes. Figure 12 is an Arrhenius plot of the ratgunctions are smooth and well behaved between low-density
constants for both directions. As with the results calculatedurface-sensitive regions and high-density interior-sensitive
for interior diffusion, all absorption and deabsorption resultsregions, EAM6 should be useful for a broad range of mod-
presented in Table XV and in Fig. 12 were calculated witheling applications involving systems in intermediate sur-
the CVT/SCT approximation. We find that the rate constantounding atomic densities. As an example, we have predicted
of deabsorption proces$V) exceeds the interior diffusion rate constants for passage of H atoms from the Ni) sur-
rate constant of procesg$l) by factors of 4.X10, face to the layer below the surface and for the reverse pro-
2.2x10% and 6.6< 107 at 200, 300, and 400 K, respectively. cess.
These results should be of use for future models of the Ni-
catalyzed methane formation.
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