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Isotope effect in hydrogen surface diffusion
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The isotope effect in quantum diffusion of H on (B01) is thoroughly treated using the path-centroid
method for the transition rate combined with a potential fitted to first-principles calculations. Around room
temperature, our results are in quantitative agreement with experimental results. At low temperatures, we find
a transition to temperature-independent diffusion, but no signs of an anomalous isotope dependence.
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I. INTRODUCTION termined with quite a high accuracy.
In this paper we present extensive quantitative path-

Hydrogen interacting with metals has attracted a greatentroid rate calculations using a potential based on first-
deal of experimental and theoretical interest, in basic as welprinciples calculations. We will discuss hydrogen quantum
as in applied research areas. One challenging issue is tldffusion in general, and the isotope effect in the low-
possibility of quantum tunneling as a migration mechanismtemperature region in particular. In a previous study Auer-
and its consequences. It is well established that tunnelingach, Freed, and Gontér concluded that the low-
influences the diffusion of hydrogen in metdl§or hydro-  temperature diffusion data by Gomer and co-workers for H
gen adsorbed on metal surfaces, the experimental informan W(110) (Ref. 6 can only be understood if the hydrogen-
tion is more scarce. At low temperatures only two techniquesattice force constants have a sizable isotope dependence,
have been used: field-emission-fluctuation microscopyyhile Muttalib and Sethrid in an earlier study used the so-
(FEM),? and a method based on laser optical diffractioncalled slow-flip approximation for the path integrals to ex-
(LOD).? Theoretical treatments have been advanced in grealain the unusual isotope effect. Here we find no support for
detail;"° but despite these conceptual developments the agither of these two mechanisms. The hydrogen-lattice force
plicability of the different theoretical methods for analysis of constants are found to be weak, and show essentially no
experimental data has been limited by the lack of accuratgotope dependence. By including the lattice motion quantum
descriptions of the hydrogen-metal interaction. mechanically, we show that by incorporating the proper time

Measurements by Gomer and co-workers using FEMscale for the lattice motion no significant change is obtained
have been in focus for many years. For H adsorbed on botipr the magnitude of the diffusion constant, either for H or D,
W (Ref. 6 and Ni(Ref. 7) surfaces, they found a transition and the conjecture by Muttalib and Sethna cannot explain the

from activated diffusion to an almost temperature-unusual isotope effect seen by Gomer and co-workers.
independent behavior when lowering the temperature. The

diffusion rate at low temperatures was found to be of the
same order of magnitude for both hydrogen and deuterium, Il. METHOD
which cannot be understood in terms of a simple one-
dimensional model of tunneling. The progress achieved with We treat the diffusion process as uncorrelated jumps be-
the FEM technique was slow for diffusion measurements atween nearest-neighboring sites. At high temperatures the
low temperatures, and the recent utilization of an experimenmotion is more classical in character, while at lower tem-
tal method in this field, LOD, is therefore very promising. peratures it becomes dominated by tunneling transition be-
The first studies using LOD appeared to support the FEMween vibrational ground states for the hydrogen atom. Due
data® but later refinement of the measurements producetb the extremely small bandwidth for hydrogen on a rigid Ni
data that strongly contradict the FEM results. For H on Ni(001) surface(~10"' eV (Ref. 10), we disregarded any
(111, Zhu and co-workers found activated diffusion for tem- coherent band motion. Coupling to medium excitations,
peratures as low as 65 KRef. 8 for both hydrogen and electron-hole pairs, and phonons will destroy the phase co-
deuterium. They did not observe any signs of a leveling offherence at finite temperatures, and the appropriate descrip-
around 100 K. tion becomes incoherent tunneliftdhe measurements are
In view of the uncertain experimental situation, it has be-also always performed at finite coverages, in the range 0.1—
come important to perform quantitative calculations in the0.6 of a monolayer, and hydrogen-hydrogen interaction is
guantum tunneling regime. The development of electronalways present.
structure calculations using density-functional theory has A particularly powerful method for determining the ther-
been rapid during the last few yedrand it has now become mally averaged transition rate between two localized states is
feasible to determine the interatomic interaction energies fothe path-centroid formulation, introduced by Giltdh* The
various configurations of the nuclei. In a previous pafer, main computational advantage is that the method only re-
we have presented results for H on(001) which show that quires evaluation of quantum-mechanical partition functions,
the potential-energy surface for that system can now be dewhich can be carried out for general many-atom potentials
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using the Monte Carlo technique. The rate coefficient is writ-layered slab with 108 Ni atoms, 18 in each layer. For the slab
ten in the form we use periodic boundary conditions in the lateral direction,
o and a fixed bottom layer in the normal direction. This corre-

k= 3vP(x*), (1) sponds to a hydrogen coverage of 0.056, compared with a

) o . . full monolayer. The experimental measurements by Lin and

whereP(x*) is an equilibrium factor, the probability of find-  Gomef are performed at several different coverages, ranging

ing the centroid for the hydrogen quantum path at the divid,om 0.15 to 0.63, but no strong or systematic coverage de-

ing surface(the transition stajebetween two stable minima, pendence is observed for the isotope effect at low tempera-

and the prefactor is dynamic in origin and has to be ap- tures. Our present calculations at low coverages should
proximated. At high temperatures it is given by the thermalherefore be sufficient for elucidating the unusual isotope

velocity y2/(Bm), and in that limit the path-centroid for- dependence.

mulation reproduces the well-known classical transition state Our previous first-principles calculations for the potential-
theory. At low temperatures the dominant contributions toenergy surfac€ are performed for a monolayer of hydrogen,
the transition rate come from paths which are located at twand the potential parameters for the H-Ni interaction, derived
stable minima at the same time, the so-called instantoffs, from those calculations, would therefore change slightly at
and in that limit Eq.(1) correctly reproduces the Flynn- lower coverages due to the reduced H-H interaction. This

Stoneham formula for the transition rafeThe prefactory ~ Would lead to some small qualitative changes of the
is then equal to 27Ax/(B%), whereAx is the width of the ~ Potential-energy surface, but no major effect for the overall
centroid density at the transition stftend is determined by temperature dependence of the diffusion constant.

the curvature of the potential barrier. The probabiRx) is
given by A. Rigid lattice

o 1 Even in the absence of lattice motion, unconventional iso-
p(X)EQﬂJ DIX(7)]8(X— X )ex ——S[X(r)]], 2 tope effects can be obtained due to the three-dimensional

h character of the potential-energy surface. If the curvature of

whereQ is the partition function, an&[x(7)] is the action. the potentjal perpendicular to the tun.neling p.a.th incregses
Voth, Chandler, and Miller made a more rigorous deriva-when moving from the center to the bridge posn!on, the iso-
tion of Eq. (1), using time-correlation functions, including tope effect will be less pr_onounced compared with the usual
the behavior of the prefactd?. The path-centroid formula Sguare-root dependence in the WKB exponent. A large effect
was also derived recently from the imaginary-free-energ;Pf this kind could explain the absence of a pronounced iso-
method® Its validity at very low temperatures and for asym- t0Pe effect at low temperatures. However, if that was the
metric barrier problems has been questioHfddowever, the ~ €aSe, one would expect to find a clear difference in the acti-

path-centroid formula gives accurate results for symmetri¢/ation energy for diffusion at room temperature for the two
barrier problems and foT>1T,, where T, denotes the isotopes, but this has not been experimentally obsetved.
[on} C

. " Our previous first-principles calculations of the potential-
crossover temperature where tunneling transitions betweeg,

. ) . ergy surface do not support this explanation eith&ve
vibrational ground states for hydrogen start to dominate th‘?lnd that our calculated numbers for the bandwidths, which

overall diffusion process. Here we consider here a symmetrig directly related to the tunneling matrix elements, differ
barrier problem and restrict ourselves ®>3T.. The  substantially for hydrogen and deuterium, and that this dif-
method was applied by several groups of researchers to vafierence can be rationalized using an effective one-
ous activated rate processes, for example, hydrogen diffusiaimensional potential. The curvature of the potential around
in and on metal$®*>?! hydrogen dissociatioff, electron-  the barrier top is found to be somewhat larger compared with
transfer reaction}?>**and proton-transfer reactiodi3Re-  the stable site, but this effect is far too small to explain the
views of the method and its applications were given byunusual isotope effectWe therefore conclude that diffusion
Voth? on the rigid lattice can not explain the unusual isotope effect
We used a potential-energy surface described recthtly. found by Lin and Gomet.
It makes use of first principles calculations for the H-Ni in-
teraction, together with the embedded-atom-mettie&iM)
description for the Ni-Ni interactiof’ In the region of inter-
est, between the hollow and bridge sites, the model potential We first consider a classical bath. All Ni atoms are treated
accurately interpolates between the first-principles data. Th@s point particles while for hydrogen a quantum path is used.
potential is very different from the original EAM potenfial ~ The latter is discretized int® parts, withP in the range
which we used in our earlier work,but rather similar to the 24—48 depending on the temperature. The convergence has

potentials by Ricet al?® and Wonchoba, Hu, and Truhl&. been tested with up t&=96. For the metal we use 108 Ni
atoms in a six-layered slab with periodic boundary condi-

tions in the lateral directions, and a fixed bottom layer in the
normal direction.

First we discuss the result for a rigid lattice, and then We solve the integrals entering E@®) using the Monte
present data for the diffusion constant both when the metaCarlo (MC) technique. All MC moves for the hydrogen path
atoms are treated as a classical bath and when they asse made in pairs to preserve the position of the centroid
treated fully quantum mechanically. All calculations are per-along the tunneling direction. The centroid is allowed to
formed with a single hydrogen atom adsorbed on a siximove in a plane orthogonal to the transition direction, and

B. Dynamic but classical lattice

lll. RESULTS
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To clarify this, we determined the distortion of the lattice

-6f % ] when hydrogen is adsorbed. We first allowed the surface to
_gt * 1 relax in the absence of hydrogen. We then solved the Schro
0 dinger equation for a single hydrogen or deuterium adsorbed
-0y ’3% ] on the frozen lattice. The energy eigenvalues for these con-
Re-12 "‘3@8& figurations are denoteHy, . The corresponding wave func-
g _1al ol tions were used to calculate the forces on the metal atoms,
which are given in Table I. We then iteratively calculated the
-16p relaxation energies: we allowed the lattice to relax, and
_18+ solved the Schidinger equation again, using the potential
ool from the relaxed configuration, and repeated the procedure
until the energy was converged. It usually took 5-6 itera-
22t tions. The corresponding energy eigenvalues are denoted
0 5 10 15 20 25 30 35 40 E,e, Which includes the energy stored in the distorted lattice.

1000/T The magnitudes of the displacements of the nearest metal
atoms as well as the “localization energieE|,.= Efiy— E g
FIG. 1. The diffusion coefficienD (cm?/s), one logarithmic  are also given in Table I.

scale, as a function of the inverse temperatti@00/K). Present We find that the forces and the subsequent displacement
work: hydrogen, classical lattioglotted ling; hydrogen, quantum- ot the |attice atoms are all small. This explains the very
mechanical lattic§dashed ling deuterium, classical latticédot- similar results for the diffusion constant on the rigid and
dashed ling and deuterium, quantum-mechanical lattifa! line dynamic lattices, respectivelyVe find no large isotope de-
with error marks corresponding to two standard deviajioBsperi- pendent hydrogén-lattice force constants

mental results: hydrogen: Mulliret al. (Ref. 31 (+), George, De . 1 . .
Santolo, and HallRef. 37 (), and Lin and GomefRef. 9 (O): In our previous study* we found a larger distortion of the

deuterium: Lin and Gome(Ref. 7 (*). metal atoms for the same system. The localization energy
was thenkE,,.=48 meV. In that case the hydrogen was lo-

the mean force acting on the centroid is evaluated. The cerf@t€d in the surface plane, and the distortion was larger.
troid probability is found by integrating along the transition First-principles calculatiortSand experiments by Stensgaard
direction, and for this integration we evaluate the force at £nd Jakobsefi show, however, that the hydrogen atom is
sufficient number of points to enable integration over alocated about 0.5 A away from the surface, and that the
smooth function. The prefactor is determined by measuring0de! potential used in our previous studygzs too crude. Our
the width of the centroid probability at the bridge position, Indings confirm the statement by Pusital™ that the lat-
following the discussion by Gilla} At the lowest tempera- tice distortions are very weak for hydrogen chemisorbed on
ture (around 30 K, the probability distribution for hydrogen Ni surfaces.
starts to deviate from a Gaussian distribution, and the deter-
mination of the transition rate becomes somewhat uncertain.
This and other deficiencies of the path-centroid formulation
have been discussed by Stuchebrikcand Makarov and We now turn to a more correct description where the
Topaler!® metal atoms are also treated quantum mechanically. For
In Fig. 1 we show our results. The result for the diffusion quantum paths for Ni atoms we use 4-16 discrete points,
constant at low temperatures is surprisingly close to the rewith the largest value for the Ni atoms closest to the hydro-
sult obtained from the calculated numbers of the bandwidtlyen atom. We show our results in Fig. 1.
for a rigid laticel® DH=6.6x10"% cm?%s and The diffusion constant becomes somewhat larger com-
DP=1.4x10" 2! cm?/s, for hydrogen and deuterium, respec- pared with the classical lattice. The increase is larger for
tively. The effect of the coupling to the lattice motion is deuterium compared with hydrogebut the change cannot
hence small. account for the anomalous isotope effekt view of the

C. Dynamic lattice

TABLE I. Localization energy, vibrational excitation energies perpendicular to the surface, and displace-
ments of and forces on neighboring metal atoms, for hydrogen and deuterium on firmzem and fully
relaxed surface&elaxed. The difference in localization energy is very small between hydrogen and deute-
rium, and the shift in excitation energy after relaxation is negligible. The closest neighboring nickel atoms are
the four atoms in the surface plane surrounding the hollow site, degtadd the atom immediately below
the hollow site, denoteB. The magnitudes of the displacements and forces are depwtégd, |F|,, and
|Ar|g, |F|g for A andB atoms, respectively.

Ee, MeV  Zw,, meV |Ar|a, A JAr|g, A |F|a, eVIA  |F|g, eVIA

Hydrogen, frozen 87 0.091 0.064
Hydrogen, relaxed 2.72 86 0.014 0.008
Deuterium, frozen 63 0.086 0.063

Deuterium, relaxed 2.47 62 0.013 0.007
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small hydrogen-lattice force constants, there is no reason tdhis is not fully justified for diffusion on a metal surfate>®

expect a large change compared with the classical lattice. However, we regard it unlikely that the adatom-electron cou-
pling constant would be markedly different for hydrogen and
deuterium, respectively, such that the magnitude for the dif-
fusion constant would become similar for the two different

We find good agreement with diffusion measurementdSotopes. o
around room temperature for H901) using first-principles In conclusion, we have shown that the diffusion rate at
data for the interaction potential, but our findings for the!ow temperatures for hydrogen adatoms on th€0Bl) is
isotope effect at low-temperatures do not support the FEMIUite dlstlnct_ from the rates fqr deuterlum, the dllfference
data’ The experimental situation is, however, unclear. TheP€ing about five orders of magnitude. We find no evidence of
very recent low-temperature diffusion data for H/Ni1) by the anomalous_ isotope effect found at low temperatures in
Zhu and co-worker& based on LOD, show activated diffu- the FEM experimentSLOD measurments on H/KI0) are
sion for temperatures as low as 65 K, whereas the FEM dataighly deswable in order to resolve _the guestion of.a pQSS|bIe
show an abrupt change of the temperature dependence @tomalous isotope dependence in hydrogen diffusion on
T=120 K The two different experimental techniques give Metal surfaces at low temperatures.
diffusion constants which differ by up to five orders of mag-
nitude at low temperatures.

We use the path-centroid formulation for the transition
rate, and include the lattice degrees of freedom fully quan- We would like to thank Professor X. D. Zhu for providing
tum mechanically. Coherent band motion is disregardedis with results prior to publication. Allocation of computer
based on the very small bandwidth, 10 7 eV, determined time at PDC and UNICC, as well as financial support from
on a rigid lattice'® We also neglected electronic excitations. NFR and NUTEK, are also acknowledged.

IV. CONCLUSIONS
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