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Quantum treatment of H adsorbed on a P{111) surface
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A static potential energy surface for 1/4 of a monolayer of adsorbed hydrogen atoms(@fi firface has
been calculated using first-principles density-functional theory calculations. The dBuweo equation is
solved for the hydrogen atoms in this potential. The results agree well with stable site, vibrational spectroscopy,
and diffusion measurements, and resolve the conflicting interpretations of those experiments.
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Considerable effort has been devoted to the study of the To decide the number of layers in the Pt slab we have
interaction of hydrogen with transition metal surfaces duringdetermined the adsorption energy for H as a function of the
the last decade'sExperimental, theoretical, and computa- thickness of the slab. Our results are given in Table I. In the
tional methods are being used and applications such as catgglculations we keep the platinum atoms fix at the positions
lytic reactions and hydrogen storage are in focus. The hydroof a relaxed clean Pt11) surface. When relaxing the clean
gen atom is the simplest chemisorption species and Pt111) surface, the two layers in the bottom are held fix. We
provides an ideal model system for testing theoretical model8nd that the adsorption energies for the fcc, bridge, and hcp
and dynamical concepts. It is especially interesting due to it§ites are well converged at five layers. The top position is
small mass and the possibility of quantum-mechanical efless well converged but that position is of minor importance
fects. Platinum is of particular importance as catalyst forin the present study. Our results compare well with previous
various reactions involving hydrogen, one example being théalculations using only three layefput this is not enough
water formation reactiof. to achieve the accuracy needed to compare with experiments.

Despite extensive investigations the properties of thédased on this we use a five layer thick slab.

H/P(111) system are incompletely known and understood. We have also tested the effect of relaxation in the pres-
No definite consensus has been achieved concerning ti@fice of 1/4 monolayer of adsorbed H. For five Pt layers the
stable site from theoretical calculatiohis, the interpretation ~adsorption energy for hydrogen in the different sites show
of the measured vibrational modes is unsetfigtiand very ~ that the fcc site is favored by approximately 40 meV. This

high diffusivities have been observed in quasielastic heliunfesult is essentially unchanged if the three uppermost Pt at-
atom scatteringQHAS) experiment3in contrast to previous 0ms are allowed to relax. The relaxation just shifts the en-
macroscopic laser induced desorption experim&hts. ergy values down as seen in Table Il. Geometrically the Pt

In this letter we address and resolve all these issues bgurface atoms relax toward the bulk.
treating the hydrogen motion quantum-mechanically in a po- The motion of H is treated quantum mechanically. Due to
tential mapped out by careful first-principles electronic-the mass difference between H and Pt we use the adiabatic
structure calculations. We find a flat and very anharmoni@pproximation for a separation of the motion of light H atom
potential energy surface for H on (P11 and show that a and the heavier Pt atoms. Furthermore, we assume that the Pt
quantum-mechanical treatment of the H motion becomegtoms can be held fix in the positions of a relaxed clean
essential. Pt(111) surface based on the comparatively small effect of

The first-principles electronic-structure calculations arerelaxation illustrated in Table Il. The 3D potential energy
done in the framework of the density-functional theory surface is then mapped out by calculating the adsorption en-
(DFT)*12 with the exchange-correlation treated at the gen-£rgy for a 1/4 monolayer of adsorbed H at different positions
eralized gradient approximation level, version Perdew-Wandn a periodic X1 cell. All together 75 energy points are
91 We use theacaPo 1.31 codées which is an implemen-  calculated in five planes parallel to the surface. The distance
tation of the plane-wave pseudopotential method. The iofetween the points in the surface plane is 0.41 A and per-
cores are described by the Vanderbilt ultrasoftpendicular to the plane 0.35 A.
pseudopotentials and for the expansion of the one-electron
wave functions we use a cutoff energy of 25 Ry. The
Brillouin-zone is sampled in 86X1 points using the

TABLE I. DFT values for the adsorption energy for a 1/4 mono-
layer of H adsorbed on Bi11). The adsorption energy is calculated

_ _ 1 _ H P H
Monkhorst—Pack schertfeand to improve the convergence as Buas,=Epy— 284, Epy, 1.6, the difference in energy for one _
the Fermi discontinuity is smeared according to the Gillan"Ydr0gen atom on the surface as compared to one hydrogen atom in
schemé” The atomic structure relaxation is performed with 2 Ydrogen molecule. All values are in eV.
the BFGS quasi-Newton methdt . The slab supercell ap-

proach with periodic boundaries is employed to model the Top fec Bridge hep

surface. In most calculations ax2x5 atom supercell is 3 layersof Pt  —0.457 —0.461 —0.434 —0.441
used with 13 A vacuum and a 1/4 monolayer of H put on one 5 layers of Pt —-0.410 —0.455 —0.407 —0.418
side of the slab. Unless stated, the Pt atoms are held fix at they |ayers of Pt 0393 —0460 —0405 —0.420

positions of a relaxed clean (B1L1) surface.
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TABLE II. DFT values for the adsorption energy of a 1/4 mono- Hydrogen Ground states ~ Deuterium
layer of H with a slab of five layers when all the Pt atoms are fixed, 0) A 0) A
and when the first three Pt layers are allowed to fully relax in the 2 2
presence adsorbed H. The effect of the relaxation of the Pt atoms
is an approximately equal energy shift for all sites. All values 1 1
are in eV. ol ot
0 2 4 A 0 2 4 A
Top fcc Bridge th Excited states

1) A 1) A
Pt fixed —0.410 —0.455 —0.407 —0.418 ) 2 | P)
Pt relaxed —-0.439 —0.492 —0.442 —0.455
1 1
O’ < O- <

The Schrdinger equation for the H motion is solved nu- ) 4

2) A
merically using the finite difference approximation. The low- 2 2
est lying eigenvalues are efficiently extracted using the Lanc- 4 g
zos algorithm. Since the potential is periodic in two
dimensions the Bloch theorem applies for the wave function ot ot a

in the plane of the surface. The energy eigenstates are char-

acterized by a band index and a two-dimensional wave vec- % g ? g

tor. The width of the energy bands is obtained by evaluating

the difference in the eigenstate energy at the center and at the 1 1 /
boundary of the Brillouin zon&’ ok l

In Fig. 1 we show the minimum energy surface for hy-

drogen on RtLl11). The energy surface is complex and highly 4 A 4 A
anharmonic. There are minima at the fcc, hcp, and top sites. &
Similar result has also been obtained by Badestwl®* 1 1
When solving the Schringer equation for H we find well

defined localized states at all these three sites with zero-point 0
energies 139 meV, 130 meV, and 190 meV, respectively. The g, 4

5) A
corresponding numbers for D are 96 meV, 90 meV, and 125 ) 2 ) 2
meV. The resulting adsorption energies for H beconte45
eV, —0.42 eV, and—0.36 eV for the fcc, hcp, and top posi- L 1
tions, respectively, where also the zero-point energy for the gl ol

hydrogen molecule is included. This result is consistent 0 2 4 A 2 4 A
with the experimental findings that the fcc site is the most
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FIG. 2. Probability distributions as projected on the plane of the
surface for H and D at the fcc site for the ground st@e and the
excited state$l)—(5), evaluated at the center of the Brillouin zone.
The excitation energy for the vibrational states faDhis: (1),(2)

44 meV (39 meV), (3) 65 meV (49 meV), (4) 111 meV(74 meV),

(5) 141 meV(96 meV). The potential energy surface is calculated
for 1/4 of a monolayer of H and the symmetry ig,C The excited
states(1)—(2) have E symmetry while the ground state and the
excited state$3)—(5) have A symmetry.

25

-0.35

: ] stable sit¢>~2° For a monolayer hydrogen coverage we find
0 05 1 15 2 25 3 35 4 that the difference in adsorption energy between the fcc and
hcp sites is 49 meV compared to 37 meV for 1/4 of a mono-
FIG. 1. Minimum energy surface for 1/4 monolayer of H on layer. Both the magnitude of the adsorption energy and the
PY(111), i.e., the minimum energy in the z-direction for all points in calculated binding distance of 1.87 A for the Pt—H distance
the xy-plane. The dotted lines indicate the positions of the Pt atomagree well with experimental data.
The distance between the isoenergy lines is 10 meV. The triangular N order to compare the present calculations with electron
minimum down to the left is the fcc site, the triangular minimum up €nergy-loss spectroscogiyELS ®7and reflection-adsorption
to the right is the hcp site, and the minimum at the corners is the topnfrared spectroscopyRAIRS)” measurements, the excited
site. The potential is highly anharmonic. The barrier for H to go States with large amplitude at the fcc site are of interest. The
from fcc to hep(60 meV) is much smaller than to go from fcc to top  probability distributions for the ground state and five se-
(150 me\j. For low energies H is thus confined to the fcc-hep-fce lected excited states are shown in Fig. 2. FgDHthe first
valleys. excited state is found at 44 me@9 me\). It is parallel in
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nature, of E symmetry and hence double degenerated. The0.5x 10 2 cn?s ! (1.4+0.6x10 3 cn?s™ 1),  respec-
next state with E symmetrynot shown in Fig. 2 has the tively, for H(D). Due to finite resolution of the quasielastic
energy 113 me\(75 me\). The lowest states with Asym-  peak the QHAS technique is restricted to high diffusivities
metry are found at 65 me\49 me\), 111 meV(74 meV), (D>10 %cnPs1).
and 141 meV(96 meV), all shown in Fig. 2, and the first The classical barrier for the hydrogen atom to move along
with A, symmetry at 149 meV118 me\). The perpendicu- the surface is very low. The saddle point is located between
lar nature of the states with,Asymmetry is investigated by the fcc and hcp sitesee Fig. 1with an energy only 60 meV
calculating the overlapi(q,)=[{ole ™% 4;)|%, between above the fcc site. At sufficiently low temperatures we ex-
the hydrogen ground state), and the different excited pect H to tunnel between the ground states located at the fcc
states; . For hydrogen the calculated maximum intensitiessjtes. To estimate the diffusion rate for that process, we have
are I ma=1.5x 10 1pg=3.3x10 % and lya=3.8  determined the corresponding bare tunneling matrix element
x 107" for the states with energies 65 meV, 111 meV, and;  from the width of the energy band of the ground state. For
141 meV, respectively. — , _H(D) we obtained the valuelo=1.5%10"° eV (Jo=1.1

Thrg7e peaks have been identified experimentally in ;45-8 g\/) This results in a diffusion consta@=5.8
EELS_, but _the interpretation in terms of parallel and per- X100 crs ! (D=3.5%10 1 cn?s 1) using  the
pendicular vibrations differ in Refs. 6 and 7. In the RAIRS L s 2 26.27
measuremenfisjust one peak was found, the one with the golden rule _expressmrﬁ)—d /4an2W/ﬁXJ°X1./ﬁw’.
highest frequency, around 155 meV. In Ref. 7 the first peal_Y"heren:,6 is the number of jump-equivalent directions,
was found at 67 meV with a 163 meV full width at half 1S @ typical angular frequencyhere fiw,=44 meV and
maximum (FWHM) for a monolayer hydrogen coverage. It i@p=39 meV) andd=2.82 A is the distance between the
was interpreted as parallel vibration and the width was largdcc sites. These diffusion rates are considerably lower than
compared to the experimental resoluti@meV). The sec- What could be experimentally observed %107 ° cn?s™ )
ond peak around 112 meV with44 meV FWHM was in-  and, furthermore, we expect the true diffusion rate to be even
terpreted as perpendicular vibration and the last peak arourgmaller due to coupling to excitations in the substrate.
153 meV with 244 meV FWHM as a mix of parallel and At higher temperatures transitions between thermally ex-
perpendicular vibration. The corresponding values for deuteeited states will dominate the diffusion rate. The excited
rium were 51 meV, 84 meV, and 108 meV, respectively.states are close in energy to the classical barrier height and
When the hydrogen coverage was decreased to 20% of the transition state thecdfshould give a reasonable descrip-
monolayer, the first peak shifted down with about 10 meVtion. According to that theory the diffusion constant can be
and broadened. expressed adDrgr=0d%4XnxkgT/hX(Q*/Q), where d

We suggest that the measured peak at 67 hatually =2.82 A, n=3 is the number of jump-equivalent directions,
corresponds to two unresolved excitations at 44 meV and 68ndQ (Q) is the partition function for the system when the
meV. This would give a broad peak arou@+65)/2 = 55  adatom is located at the stable githe transition staje We
meV in very good agreement with the measured result foevaluate both these partition functions quantum-
this coveragé.According to the calculations this combined mechanically for H and D and the resulting diffusion con-
peak should have a small dipole moment, which was nostants are very well approximated by the Arrhenius expres-
observed by Richter and Hobut indicated in the measure- sion D=DyXx exp(—E/kgT) in the temperature range 140—
ments by Barcet al® We also propose that the second peak250 K. We obtain the activation energg=55 meV E
at 112 meV is due to two unresolved peaks, computed at=60 meV) and a prefactoD,=4.0x10 ° cn?s ! (D,
111 meV and 113 meV. This was interpreted as a perpendicu=3.7x 10 3 cnm?s 1) for H (D).
lar mode in Ref. 7 and for low coverages also detected by The magnitude of the activation energies is quite similar
Baro et al® The third measured peak at 153 meRef. 7) to the experimental numbers. The somewhat lower value for
agrees well with the computed value 141 meV. Based on thel compared with D is consistent with the experiments and is
calculated matrix element$(q,), this is the most intense caused by the discreteness of the energy levels. The prefac-
dipole active excitation, in agreement with the conclusiongors are similar for H and D, also consistent with experi-
by Reuttet al® It should be noticed that we find several ments, but about a factor of 3 too large. This is, however, not
excited states in this energy range. The corresponding calcumreasonable. We have neglected recrossing effects as well
lated values for deuteriuni39+49)/2=44 meV, (74+75)/ as corrections for tunneling and nonclassical reflection.
2=74 meV, and 96 meV are in equally good agreement with In conclusion, a potential energy surface for a 1/4 of a
the measured resulfs. monolayer of adsorbed hydrogen atoms on@H) surface

Finally, we would like to compare our results with the has been mapped out by first-principles density-functional-
quasielastic helium atom scatterit@HAS) measurements theory calculations. We find agreement with experiment for
of the diffusive motior?. In the temperature range 140—250 the stable site, binding distance, and adsorption energy. The
K clear evidence was found for a predominantly single-jumphydrogen vibrational motion is found to be strongly anhar-
mechanism between threefold hollow sites with diffusion co-monic with several modes close in energy. We reinterpret the
efficients between 8510 ° cn?s ! and 510 ° cnm?s l.  measured vibrational modes and give a consistent account
For both H and D the diffusion coefficient followed an for both the electron energy-loss spectroscpiLS®’ and
Arrhenius temperature dependence with activation energshe reflection-adsorption infrared spectroscofyAIRS)®
and prefactor equal to 685 meV (767 meV) and 1.1 data. The measured prefactors and activation energies for

033406-3



BRIEF REPORTS PHYSICAL REVIEW B 65 033406

diffusion of H and O are well described by the transition ~ We thank Stig Andersson, Kristian Gustafsson, and Bengt
state theory with the vibrational degrees of freedom treatedl Lundqvist for valuable discussions. Financial support from
as quantum oscillators. In summary, by combining first-the Swedish Research Coun®R) and the Swedish Foun-
principles electronic-structure calculations with a quantundation for Strategic Resear¢BSH, together with allocation
treatment of the hydrogen motion a consistent and detailedf computer time at the KTB facilities at Chalmers Univer-
understanding of the H/PL1) has been acquired. sity of Technology are gratefully acknowledged.
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