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This computational study is motivated by the apparent conflict between an experiment on
dissociation of H and D, on P{111), which suggests a rather corrugated potential energy surface
(PES for the H,/Pt(111) system, and an experiment showing only weak nonzero-order diffraction
of HD scattering from RiL.11). In the calculations we have used density functional théDiyT)

within the generalized gradient approximatié®GA), including scalar relativistic effects and
modelling the Rt111) surface as a slab. We have found that th&111) PES is both energetically

and geometrically corrugated. We have also found that there are reaction paths without or with very
low barriers leading to dissociation of,Hdn the P{111) surface, but that there are other reaction
paths with substantial barriers. By performing extensive calculations on H interacting withld)Pt
surface we have shown that a DFT/GGA approach that includes scalar relativistic effects is capable
of describing the interaction between a hydrogen atom andld Btsurface in a way that is, for the

most part, consistent with experiments. 1®99 American Institute of Physics.
[S0021-96089)70648-3

I. INTRODUCTION corrugated.(A later analysis by Gro§sconfirmed their re-

Due o th ntral role of Pt talvst in hvdrogen sults for normal collision energies ranging from the mini-
. ue to the central role o as a catalyst yarogenaw, o o the average barrier height in the PES, but showed
tion reactions, the interaction of hydrogen with Pt surface

has over the last three decades been investigated in a Ia%heat parallel momentum actually increases dissociation for

. . . Igher normal collision energies, and for normal collision
number of studies. Of particular interest to our present s,tud)éner ies in the tunneling regimdn the dynamics calcula
are the issues addressed in three papers. 9 g reg y

By scattering a beam of molecular HD from (P11 tions the energetically corrugated PES gave rise to stronger

Cowin et all found large probabilities for rotationally inelas- diffraction than seen in the experiments of Cowetal.

tic scattering. In contrast, they observed only weak nonzerotlOWeVer, Darling and Holloway claimed that the PES could

order diffraction[as mentioned by Cowiet al. this is similar ¢ Manipulated to produce a weak corrugation in the low
to that found previously for kAg(111):2 the observed ra- €Nerdy regime covered by the diffraction experiméand
tio of nonzero-order diffraction to specular scattering wasthus less diffractiop but a strong corrugation overall. To be
much smaller than for the corrugated-HLiF (001) system. abl_e to construct a r_eallstlc PES_ more information from ex-
This lead the authors to conclude that the HDIR1) PES is periments or theoretical calculations was called for.
only weakly corrugated. On the other hand, Lumetzal? A main goal of this paper is therefore to investigate the
found that the initial sticking coefficient does not scale with corrugation of the BP(111) PES. For this purpose we use
the normal component of the incidence energy when dissd?F T within the GGA, including scalar relativistic effects and
ciating H, or D, on P{111). Momentum parallel to the sur- modelling the Rtl11) surface as a slab. Six-dimensional
face was found to inhibit dissociation. The sensitivity to par-guantum dynamics calculations employing a DFT/GGA PES
allel momentum suggests that the PES is rather corrugateBave shown that DFT at the GGA level gives a good descrip-
seemingly in conflict with the results of Cowat al. tion of reaction barrier heights for dissociative chemisorption
In a theoretical study by Darling and Hollowagwo  in the H/Pd100),” H,/Cu(100),° and H/Cu(111)° systems.
types of corrugation were investigated; energetic and gedNevertheless, before we investigate thgR{111) PES we
metric. On an energetically corrugated PES the barrier heigrtheck whether DFT can describe the interaction of hydrogen
varies across the surface unit cell, but the distance to thwith Pt surfaces accurately, by performing extensive calcu-
surface at which the barrier is located is constant. A geolations on atomic hydrogen interacting with &) surface
metrically corrugated PES has a barrier height that is conat the local density approximatio.DA) and GGA levels
stant across the surface unit cell, but the distance to the suand at different levels of relativistic approximations. For the
face at which the barrier is located is varied. Darling andsame reason we also perform Pt bulk calculations.
Holloway showed that momentum parallel to the surface in-  The paper is organized as follows. In Sec. Il a short
hibits dissociation in the case that the PES is energeticallpresentation of the methods we have employed is given. The
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TABLE |. The basis sets used in the Pt bulk calculations. A NAO is a|||. RESULTS
numerical atomic orbital obtained from a Herman—Skillman type calculation
(Ref. 15. An STO is a Slater-type orbital with the given exponefuising A. Pt bulk

units ofag 1). A frozen core approximation has been used fbrafd lower . . . . .
o) PP The basis set given in Table I, which gives results very

lying orbitals. ) o ;
close to the basis set limit, was used for the calculation of the
5d 6s 6p 5f lattice constant, the bulk modulus, and the cohesive energy.
NAO yes yes no no Since only one Pt atom is needed in the fcc unit cell to
STO 4.95, 1.65 2.65,1.10 2.50, 1.25 200 perform these calculations a high accuracy with respect to

the numerical integration can be obtained easily. With our
chosen settings the error is less than 0.03 eV.

The formation energies have been calculated for 12 dif-
ferent lattice constants. The lattice constants are equally
spaced and cover a 20% variation around the experimental
value. Fitting the 12 values to Murnaghan’s equation of
Il. COMPUTATIONAL METHOD staté® gives us the theoretical lattice constant, the cohesive

The electronic structure calculations presented in thi€N€rgy, and the bulk modulus for the three functionals. Three

study were performed usingaND.2%~22 In the program the sets of calculations with 12 points each have been per-

Kohn—Sham equatiofs' are solved self-consistently for a formed. One set is for the nonrelativistic limit, the second set

periodic system. Full three dimensional translational Symmel_ncludes scalar relativistic corrections, and the third set in-
try is used for bulk calculations, whereas a surface is mod¢ludes scalar relativistic and spin—orbit effects. The results
elled by a slab with translational symmetry in two directions.@'e given in Table II. The values we obtain for the lattice

A flexible basis set of numerical atomic orbitdl8AOs) ob-  constant using the LDA and PW functionals including scalar
tained from numerical Herman—Skillman-type cal- felativistic effects agree well with the values obtained with

culations®® Slater-type orbital§STOS, or a combination of the same functionals in Refs. 30, 31, and 32. The agreement

both are used in the expansion of the one-electron states. TH@" the bulk modulus is also satisfactory.
frozen core approximation can be used for the core electrons From Table Il we see that the nonrelativistic results for
of the heavier atoms avoiding the use of pseudopotential$he lattice constant and the bulk modulus are in poor agree-
An accurate Gauss-type numerical integration scHérise ment with experiments. Strong relativistic bond contraction
used to calculate the matrix elements of the Hamiltonian, an@nd bond stiffening have been found for Au and Pt
thek-space integration can be done accurately using the qu&ompounds’’ and our results for Pt bulk confirm this. The
dratic tetrahedron methd§. difference between the scalar relativistic and scalar relativis-
The exchange—correlation energy in the LDA is calcu-tic plus spin—orbit results is seen to be almost negligible. The
lated using the Vosko—Wilk—Nusair formul&sln this study best agreement with the experimental lattice constant and
we also report results for two GGAs. The first combines theébulk modulus is obtained using the LDA functional at the
Becke correctioff for the exchange energy with the Perdew scalar relativistic or scalar relativistic plus spin—orbit level,
correctiort® for the correlation energyBP), and the second but the two GGAs also show reasonable agreement with the
is the gradient-corrected functional of Perdetnal 2>?*(PW  experimental values at these levels of relativistic approxima-
GGA-II, which we will label PW for brevity. The gradient tions.
corrections are calculated from the self-consistent LDA den-  The cohesive energy increases by 0.8—-1.1 eV when go-
sity, which has been shown to be an excellent approximatioing from the nonrelativistic level to the scalar relativistic
to the binding energies calculated from the self-consistenievel. Including additional spin—orbit effects lowers the co-
nonlocal densitie$? Both scalar relativistic and spin—orbit hesive energy by about 0.25 eV. The nonrelativistic BP and
corrections are calculated using the zeroth-order regular af?W results are more than 1 eV too low when compared to
proximation(ZORA).23-2° the experimental value. The nonrelativistic LDA result for

results of our calculations are given in Sec. Ill. Our conclu-
sions are given in Sec. V.

TABLE Il. The cohesive energyH_.,), lattice constantd,), and bulk modulusB,) for Pt from experiments
and different levels of theory. The values for the local density approximdti®A) and two generalized
gradient approximationBP and PW are given at the non-relativistic levéhr), the level including scalar
relativistic correctiongsr), and the level including scalar relativistic and spin—orbit effést. The atomic
reference energies are obtained according to Ref. 27 for the nr and sr results, and according to Ref. 28 for the

So results.
Econ [eV/atom Qe [A0] B, [Mbar]
5.85 7.41 2.78
Experiment nr sr so nr sr so nr sr so

LDA 5.98 7.10 6.85 7.69 7.36 7.37 1.81 2.98 3.09
BP 4.49 5.33 5.06 7.93 7.53 7.54 1.28 2.32 2.30
PW 4.67 5.57 5.30 7.91 7.52 7.52 1.31 2.37 2.36

% rom Ref. 29.
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(a) B. H on Pt(111)

We have determined the adsorption energy, the adsorp-
tion height above the surface, and the vibrational frequency
normal to the surface for H adsorbing at different surface
sites. For this purpose we have employed a three layer slab
with a 2x 2 surface unit cell as illustrated in Fig(al. To
investigate the effect the coverage has on these properties we
have also performed calculations using &1l surface unit
cell. By performing test calculations for four different ad-
sorption sites the numerical accuracy of the real space inte-
gration has been verified to be within 0.01 eV. For the22
surface unit cell 15 points in the irreducible wedge of the
surface Brillouin zone has been used for kaspace integra-
tion giving an accuracy of about 0.02 eV when comparing to
more accurate calculations. With 28 points in the irreducible
wedge of the surface Brillouin zone thespace integration
for the IX 1 surface unit cell is accurate to about 0.03 eV.
The basis set labeled 2 in Table Il has been used to calculate
the adsorption energy, the adsorption height, and the vibra-
tional frequency. The basis set labeled 1 has been used to test
the convergence with respect to the basis set. The adsorption
energy changes by less than 0.02 eV when going from basis
FIG. 1. (a) Top view of the P{111) surface, indicating the top, the bridge set 1 to_ 2 for fogr different adsorption sites. A.” I.n all the
(brg), the fcc threefold hollow, and the hcp threefold hollow site together 20SOrption energies should be converged to within 0.05 eV
with the two different surface unit cells used in the slab calculations. Alsoof the LDA and GGA limits for H adsorbing on a three layer
shown is the azimuthal anglg, which is the angle the hydrogen molecular pP(111) slab. Changing the number of layers from three to
bond axis form with th€ 110y qirection,_anda_possible diffusion path going five changes the adsorption energy by less than 0.05 eV, a
from one fcc site to another via two bridge sites and one hcp(bitd.he 12 . -
adsorption sites used in the calculations on th22and 1x 1 surface unit result that is similar to what has been reported for the
cells are shown. H/Pd111) systent® The experimental Pt bulk lattice con-

stant,a,,="7.41a,,%° has been used for the slab.

The adsorption energies, equilibrium heights, and vibra-

tional frequencies normal to the surface have been calculated
the cohesive energy is the one that comes the closest to tlier the 12 adsorption sites given in Figbl using the X 2
experimental value, but this must be considered fortuitoussurface unit cell corresponding to a coverdge-0.25. The
the well-known LDA overbinding compensating for the un- zero of the energy scale is set to the bottom of the H
derbinding at the nonrelativistic level. For the calculationsgas phase potential, i.eE,(H on P)=—[DJH-PY—D,
including scalar relativistic or scalar relativistic plus spin—(H,)/2]. Thus, negative adsorption energies correspond to
orbit effects it is seen that the LDA overestimates the cohethe adsorbed hydrogen atom being energetically stable with
sive energy, whereas the two GGAs gives values that are to@spect to the free hydrogen molecule. No zero point energy
low compared to the experimental value. The underestimaeffects have been included in the adsorption energy. Figure 2
tion of the cohesive energy at the GGA level has also beeshows the results including scalar relativistic effects. The
reported for other sixth row elemenis. results for the top, fcc, hep, and bridge sites are also given in

TABLE lll. The basis sets used in the slab calculations. A NAO is a numerical atomic orbital obtained from a
Herman-Skillman-type calculatiaiiRef. 15. An STO is a Slater-type orbital with the given exponefuising

units ofag 1. For the Pt basis set labeld a frozen core approximation has been used tbard lower lying
orbitals. The Pt basis set labeled 2 hasfafrbzen core.

Pt 5s 5p Af 5d 6s 6p 5f
1 NAO yes yes yes yes yes no no
STO no no no 4.95, 1.65 2.65, 1.10 2.50, 1.25 2.00
2 NAO no no no yes yes no no
STO no no no 1.8 2.1 2.1 no
H 1s 2p 3d
1 NAO yes no no
STO 1.58, 0.69 1.25 25
2 NAO yes no no
STO 1.58 1.0 no

Downloaded 16 Apr 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



11158  J. Chem. Phys., Vol. 111, No. 24, 22 December 1999 Olsen, Kroes, and Baerends

(e 0

> v BP
L, a — 3.6

0.2 (a) hcp brg fec PW B

1o +

S v A

= —o.4f; A M ¢ o3.4

v =

5 @

@ -0.6 O 3.,

S -0.8 2z hep brg fec

E A 3

3 2 4 € 8 2 4 . 6 8

S Surface coordinate, z [ag)

=28 hep brg fec

= FIG. 3. The equilibrium distance to the nearest Pt atom as computed at the
o0 2.6 (b) BP level is shown for the 12 adsorption sites given in Figp).IThe top site

é’ - corresponds ta=0a, andx=9.075,. The results include scalar relativistic

: effects.

£

3 2.2

L

£

=

T 1. . . .

g P higher at the top site than at the fcc site, thus the LDA
— 2 4 ¢ 2 predicts the fcc site to be the most stable adsorption site. The
1 2200 difference in the zero point energies between the top and fcc
E 2000 hep  brg  fec sites is also 0.06 eV at the BP and PW levels, but this is not
o (c) enough to stabilize the fcc site compared to the top site.
i 1800 However, it is important to note that the differences in the
= 1600 adsorption energies are very small, in the order of the nu-
g merical precision of our calculations. It is therefore difficult
;5 1400 to reach a conclusion on the preferred adsorption site based
B 1200 on the energetics alone. But a conclusion tteat be drawn

= - - . - is that the variation in the adsorption energy across the sur-

face unit cell is small. Next we compare the absolute value of
the adsorption energy to experiments. Apart from the value
FIG. 2. The adsorption energy per H atdah, equilibrium height above the Of —0.23+0.01 eV reported in Ref. 36, the experimental
surface(b), and vibrational frequency normal to the surfdcgare shown results for the adsorption energy lie betweer0.30 and
for the 12 adsorption sites given in Fig(bl The top_site corresponds to —0.43 eV at low coverage?g.‘"'zThus we see that the LDA
x=0a, andx=9.075,. The zero of the energy scale is set to the bottom of . . .
the H, gas phase potential, and no zero point energy effects have beeﬁlearly overestlmates. the interaction energy, Whe“?as the BP
included. The results include scalar relativistic effects. and PW results are in much better agreement with the ex-
perimental values.

The experimental results for the adsorption height above
Table IV. We find that the magnitude of the adsorption en-the surface are 2.190.06a,,*' 1.34a,,*® 1.32+0.38,,*
ergy is the largest for the top site for all three functionals,and 1.1@-0.08,.%° In Fig. 2(b) and Table IV it is shown
with the fcc site being a local minimum which is 0.01 eV, that BP and PW predict almost identical adsorption heights
0.12 eV, and 0.11 eV less stable for the LDA, BP, and PWwhile LDA gives marginally lower values. The adsorption
functionals, respectively. For the LDA the zero point energyheight for the top site clearly falls outside the range of ex-
associated with motion normal to the surface is 0.06 eVperimental values. In Fig. 3 the equilibrium distance to the

Surface coordinate, z [ag]

TABLE IV. The adsorption energyH,q), equilibrium height above the surfacg,), and vibrational frequency
normal to the surfacei( ) are given for four adsorption sites, and for the local density approxim&tiom )

and two generalized gradient approximatidB® and PW. The results include scalar relativistic effects. The
2% 2 surface unit cell corresponding to a cover&ye0.25 has been used in the calculations. The zero of the
energy scale is set to the bottom of the gas phase potential, and no zero point energy effects have been

included.
E,q[eV/H aton Zeq [ 0] v, [em™Y]
Site LDA BP PW LDA BP PW LDA BP PW
top —-0.89 —0.47 —0.52 2.93 2.95 2.94 2218 2183 2185
fcc -0.88 —-0.35 -0.41 1.83 1.87 1.87 1199 1184 1192
hcp —-0.86 —-0.32 -0.39 1.83 1.87 1.87 1210 1198 1197
brg —0.86 -0.34 -0.40 2.06 2.09 2.09 1351 1313 1325
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o -0.15 at the BP and PW levels, at the LDA level the barrier is
about 0.10 eV. A hydrogen atom moving from one fcc site to
another via two bridge sites and one hcp $tee Fig. 1a)]

sees a very small barrier of about 0.03 eV at all the three
levels of DFT approximations. An experimental value for the
barrier to diffusion along the surface of 0.15 eV per H atom
was given in Ref. 48. In a more recent study the barrier for

Adsorption energy [eV

-0.4
0.45 hcp fee diffusion from one fcc site to another was measured to be 68
+5 meV?* bringing experiment and theory closer together.
2 4 6 8 Finally, additional calculations show that hydrogen placed in
Surface coordinate, z [ao] the octahedral subsurface site is unstable by 0.86 eV per H

FIG. 4. The adsorption energy computed at the BP level is shown for the 1?t0m compared to the bottom of th% Ig.as phase potentlal
adsorption sites given in Fig(H) for monolayer coverage) =1.0, and for at the BP level® =0.25, and no relaxations mClua)ed—hus
©=0.25. The zero of the energy scale is set to the bottom of thgad  We find no support for the suggestion of early resfiisat H
phase potential, and no zero point energy effects have been included.  would penetrate subsurface. Our finding is in agreement with
the results of many later studi&?51-54

We have also investigated the importance of relativistic
cts for the H/RtL11) system. In Table V results are given
afor the top and fcc sites, fafi) the nonrelativistic level(ii)

the level including scalar relativistic effects, affid) the
level including scalar relativistic and spin—orbit effects, at a
coverage of® =1.0. We see that at the nonrelativistic level
the fcc site is clearly preferred above the top site, but the
&DA, BP, and PW adsorption energies all lie outside the
experimental range of-0.3 to —0.43 eV (taking into ac-
fount that the adsorption energy is about 0.1 eV smaller in

in Fig. 2(c) and Table IV. The vibrational frequencies at the Magnitude at monolayer coverage than at a coverage of
threefold hollow sites come close to these experimental val® =0.29. Results of calculations including scalar relativistic

ues; the frequency calculated for the top site falls far outsid@" Scalar relativistic plus spin—orbit effects and performed at
the range of experimental values. the GGA level show the top site to be preferred over the fcc
The experimentalists have found that the magnitude ofite, in contrast to the nonrelativistic results. This result is
the adsorption energy decreases with increasingimilar to the change of site preference observed in calcula-
coveragé®®-4|n Fig. 4 and from comparison of the scalar ions on CO adsorbing on @(L1).° At the nonrelativistic
relativistic results in Tables IV and V we see that our calcu-level CO adsorbed in the hollow site, but when including
lations show the same trend. For all adsorption sites considscalar relativistic or scalar relativistic plus spin—orbit effects
ered here the adsorption energy at a monolayer coveragte top site was the preferred adsorption site. Note however
®=1.0, is about 0.1 eV per H atom less stable than thdhat the fcc site is the most stable site when scalar relativistic
adsorption energy at a coverage@®=0.25. and spin—orbit effects are included if the calculation on
From Fig. Za) (and the results fo® =0.25 given at the H/Pt(111) is performed at the LDA level. Comparing to ex-
BP level in Fig. 4 we see that a hydrogen atom moving from periment we see that the LDA results including scalar rela-
one top site to another encounters a barrier of about 0.17 etivistic and spin—orbit effects still overestimate the interac-

nearest Pt atom is given at the BP level. The experimentaéﬁce
H—Pt bond distance is 3.2-2.6 (Refs. 41,43—-4pband we
see that only the hcp, hlb, brg, flb, and fcc sites have
H—Pt bond distance falling within this range.

Studies employing electron energy-loss spectrostdly
and infrared reflection adsorption spectros¢dm@fl report a
hydrogen vibrational band in the range 1230-1254 tm
even though they do not agree on the vibrational mode t
which this vibrational band should be assigned. Our calcu
lated vibrational frequencies normal to the surface are show

TABLE V. The adsorption energyH,y), equilibrium height above the surface.§), and vibrational frequency

normal to the surface?{) are given for the top and fcc sites, and for the local density approximétidA )

and two generalized gradient approximatidB® and PW. The results are given at the nonrelativistic level

(nn), the level including scalar relativistic effedfsr), and the level including scalar relativistic and spin—orbit
effects(so). The 1X 1 surface unit cell, which corresponds to a cover@lgel.0, has been used in the calcu-

lations. The zero of the energy scale is set to the bottom of thgald phase potential, and no zero point energy
effects have been included.

E,q[eV/H aton Zeq [ Q0] v, [em Y]
Site Level LDA BP PW LDA BP PW LDA BP PW
top nr —-0.20 0.24 0.19 3.03 3.05 3.05 2025 1965 1963
Sr —0.80 —-0.37 —0.42 2.92 2.94 2.94 2304 2259 2259
so -0.71 —-0.29 -0.34 2.94 2.95 2.95 2263 2234 2234
fcc nr —0.58 —-0.03 —-0.09 1.87 1.91 1.91 1163 1157 1162
sr —-0.81 —-0.27 —0.33 1.81 1.84 1.84 1186 1184 1189
so —-0.75 -0.21 —-0.27 1.80 1.84 1.84 1199 1194 1197
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tion energy, but the BP and PW results lie within the rangeH,/Pt(111) system is DFT at the BP or PW level including
of the experimental value&@lso when taking into account scalar relativistic effects.

that the adsorption energy is about 0.1 eV smaller in magni-

tude at monolayer coverage than at a coverag® €0.25.

Table V shows that the equilibrium height above the surfacé&. H, on Pt(111)

and the vibrational frequency normal to the surface are left The calculations reported in this section have been car-
almost unchanged when going from the scalar relativistic 1%ied out using a three layer slab with &2 surface unit cell
the scalar rglativistic plus spin—orbit level. The magnitude Ofas described in Sec. Ill B. The same integration parameters
the adsorption energies decrease by less than 0.1 V. 54 pasis set have also been employed and additional con-
Summarizing the results in this section we see that, agrgence tests show the interaction energies to be accurate to
the LDA as well as the GGA level, our DFT results for the \ithin 0.05 eV of the GGA limits for the HP(111) system.
adsorption height above the surface and the vibrational frepg i the preceding section the experimental Pt bulk lattice
guency normal to the surface are consistent with H 0CCUPYzonstanta,,=7.41a,,2° has been used for the slab.
ing the fcc or the hcp site, in agreement with 14 jqyestigate the corrugation of the#Rt111) PES we
experiment$™**#4*1The DFT results agree well with the 3ye calculated 5 two-dimension@D) PESs. The two geo-
measured adsorption height, H—Pt bond distance and vibranetric parameters that are varied &andr, the height of
tional frequency normal to the surface. As mentioned abovey,e hydrogen molecule’s center of mass above the surface
different experimental and theoretical studies do not agree 0gnq the hydrogen molecule’s bond distance, respectively.
the vibrational mode to which the frequencies in the range=5ch 2D PES is based on between 50 and 60 calculated
1230-1254 cm* should be assigned. The DFT results pre-points and fitted using bicubic splines. For each 2D PES the
sented here suggest that these vibrational frequencies ariggnter of mass of the hydrogen molecule is kept fixed above
from a hydrogen atom vibrating normal to the surface, afpe top, t2h, brg, fcc, and t2f sites, respectivedge Fig. 1
odds with the conclusions in Refs. 43 and 46, but in agreeThe reason for leaving out the hcp site is given below. The
ment with Refs. 47 and 55. The decrease in the magnitude ¢fiplecular bond axis forms an angle with the surface normal
the adsorption energy with increasing coverage seen igf g=90 degrees and lies along th&12) direction[ ¢=90
experiment®>**~*%is also seen in our DFT calculations. And degrees, see Fig.(@]. The azimuthal anisotropy of the
finally, assuming that the barrier to diffusion that is mea-H,/Py(111) PES has been investigated by calculating two ad-
sured pertains to a diffusion path going from one fcc site tagitional 2D PESs above the top and bridge sites with90
another via two bridge sites and one hcp §itee Fig. 1),  degrees and the axis along th&10) direction[¢=0 de-
our calculated diffusion barrier compares favorably to thegrees, see Fig.(&)]. In Fig. 5 contour plots of six of the
experimental results of Ref. 49. seven computed PESs are shown, and the position of the
The LDA overestimates the interaction energies at albarrier and its height are given in Table VI.
levels of relativistic approximations, but does agree with ex-  From Table VI and Fig. 5 we see that the top site has the
periments on the fcc site being the preferred adsorption sit@ewest barrier to dissociation. At the BP level it is about 0.06
The nonrelativistic results for the two GGAs give too small eV, independent of whether the molecule dissociates towards
adsorption energies and the scalar relativistic results somewo bridge site§ =90 degrees; see Fig(dj] or towards a
what too large adsorption energies. The calculated GGA adcc and a hep sitgp=0 degrees; see Fig(l5], suggesting
sorption energies including scalar relativistic and spin—orbithat there is no or very little azimuthal anisotropy above the
effects fall within the range of experimental values. For en-top site. At the PW level we find no barrier, in agreement
ergetics alone the scalar relativistic and scalar relativistigvith Refs. 56 and 57. The calculations show a small well in
plus spin-orbit levels indicate a preference for the top sitethe entrance channel for the PW functional, about 0.04 eV
albeit small. However, we should keep in mind that the enbelow the bottom of the kigas phase potential, but since this
ergy differences we are discussing are less than 0.1 eV arid in the range of the accuracy of our calculations we should
that we probably should not expect DFT to give perfectbe careful not to put too much trust in this result. For hydro-
agreement with experiments at this level of accuracy. Whemgien molecules dissociating towards fcc sites above the t2h
evaluating the predictive force of DFT for a particular sys-site and hydrogen molecules dissociating towards hcp sites
tem, one should look at a range of properties of that systermabove the t2f site, the 2D PESs are very similae therefore
and not just focus on the energetics. only show the t2f PES in Fig.)5the barriers being 0.19 and
All in all this suggests that DFT at the BP or PW level 0.20 eV at the BP level, respectively. Since the dissociation
including scalar relativistic or scalar relativistic plus spin—above these two simildt2f and t2h) sites to the hcp and fcc
orbit effects is capable of providing a description of thesites occurs with almost the same barrier height, and because
H/Pt(111) system that is, for the most part, consistent withthe adsorption energy, adsorption height above the surface,
the experimental results for this system. At the scalar relaand vibrational frequency normal to the surface are all very
tivistic plus spin—orbit level the calculations become far toosimilar for H adsorbing at the fcc and hcp sites, we can
expensive when we consider systems larger than Pt bulk geasonably assume that the dissociation above the hcp and
hydrogen adsorbed on a(Ptl) slab with® =1.0, and this fcc sites will be very similar. For this reason, calculations
level of theory offers no significant improvement over thewere only performed for dissociation above the fcc Hitg.
scalar relativistic level. Thus, the level of theory we will use 5(e)], for which we obtain the highest barrier heigdt42 eV
in the following section to describe the PES for theat the BP level Dissociation towards a hcp and a fcc site
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(b) top, $=0°

Z {ao]

Z [ao]

Z [ao]

r [ao] r [ao]

FIG. 5. Contour plots of the 2D PESs computed at the BP level are shown. The height of the hydrogen molecule’s center of mass above the surface is denoted
by Z, the hydrogen molecule’s bond distancerbgnd the angle the hydrogen bond axis forms with(tti)) direction by¢. All results are forg=90 degrees.

The first contour line in the entrance channel is 0.1 eV and the contour spacing is 0.1 eV. The numbers within the contour plots are in eV and give the value
of the contour ling(lines) that lies(lie) closest by. The energies are relative to the bottom of thgad$ phase potential. The sites are shown in Fig. 1.

Downloaded 16 Apr 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



11162  J. Chem. Phys., Vol. 111, No. 24, 22 December 1999 Olsen, Kroes, and Baerends

TABLE VI. The position ¢ andr) and height E,) of the barrier to hydrogen dissociation are given at the BP
and PW level. The sites are shown in Fig. 1. All results arg#feB0 degrees. The angle the hydrogen bond axis
forms with the(110) direction is denoted by, the height of the hydrogen molecule’s center of mass above the
surface byZ, and the hydrogen molecule’s bond distance byhe energies are relative to the bottom of the H
gas phase potential.

BP PW
Site ¢ [degrees Z[ag] r [ao] Ey [eV] Z [a] r [ao] Ey [eV]
top 90 4.25 1.46 0.06 4.33 146  —0.02
t2h 90 3.52 152 0.19 3.58 151 0.11
brg 90 3.53 155 0.27 3.57 1.54 0.19
fec 90 3.21 1.58 0.42 3.25 1.57 0.33
tof 20 3.51 1.55 0.20 3.57 1.51 0.11
top 0 4.31 1.46 0.06 4.38 146  —0.02
brg 0 3.14 1.55 0.40 3.18 1.55 0.31

above a bridge sitgFig. 5(d)] also shows a large barrier, Darling and Holloway that the H/Pt(111) is mainly ener-
about 0.40 eV, while dissociation towards two top sitesgetically corrugated. But our results are in agreement with
above a bridge sit¢Fig. 5c)] is hindered by a barrier of the experimental results of Lunet al? on dissociation of
about 0.27 eV(both numbers given at the BP leyeThis  H, or D, on P{111) that suggest a rather corrugated PES.
indicates a weak azimuthal anisotropy above the bridge siterhe experimental results of Cowit al® seeing only weak
From Table VI we see that the PW functional giveS about O.Jnonzero_order diffraction of HD Scattering from(P_’tl) re-
eV lower barriers for all 2D PESs considered here. main unexplained, but this issue will be addressed in the
From Table VI and Fig. 5 we see that our calculationsfyture®® with the help of quantum mechanical wave packet
agree with experiments that there exist reaction paths withegiculations employing a DFT/GGA PES which is based on
out or with very low barriers leading to dissociation of B the results presented here.
the Pt111) surface®36:37585%s0 in agreement with experi- In agreement with experiments on, H- Pt111), we
ments, we find that there are also reaction paths with subxyyng that there are reaction paths without or with very low
stantial barriers to dissociation, i.e., the dissociation takegarriers as well as reaction paths with substantial barriers to
place over a distribution of barriers varying in magnitdd®. gissociation, i.e., the dissociation takes place over a distribu-
In Ref. 4 the sticking coefficient was found to be indepen-tion of barriers varying in magnitude. Also in agreement
dent of the initial vibrational state of the incident molecule, \yith experiments, we found that the barriers are located in
indicating that the barriers are located in the entrance chanpe entrance channel. Furthermore, our results show the
nel, and from Fig. 5 we see that our results agree with thigy /py111) PES to have no or very little azimuthal anisot-
conclusion. , _ ropy above the top site. Above the bridge site the PES shows
The suggestion of Darling and Hollowaythat the 5 weak azimuthal anisotropy. We also find that the
H,/Pt(111) PES is mainly energetically corrugated is not Becke—Perdelf° (BP) GGA gives barriers to dissociation

supported by our results in Table VI and Fig. 5. In their\,nich are about 0.1 eV higher than the Perdew—V¥4fg
calculations Darling and Holloway use the term geometri-(PW) GGA for this system.

cally corrugated for a PES where the distance to the surfacé 1 jnyestigate whether DFT can accurately describe the
at which the barrier is located varies with 8g5across the  jyieraction of hydrogen with Pt surfaces we have performed

surface unit cell. In our calculations at the BP level the dis-oy ansive calculations on H interacting with aBtl) sur-

tance to the surface at which the barrier is located varieg, .o at the local density approximati¢ébDA), BP and PW
from 3.21a, (above the fcc siteto 4.2%, (above the t0p o615 All three levels of theory agree well with the mea-

site) for ¢=90 degrees. Thus, we find the,R(111) PE,S _sured adsorption height, H-Pt bond distance and vibrational
also tp be. geometncally corrugated. Whether a RES V\."th ,th'?requency normal to the surface, and these results suggest
qomblnatlon of energetic and geometncporrugaﬂon will 9iVe it the fec or hcp site is the site H occupies, in agreement
rise to or_1|y we_ak no_nzero-order dlffra_lcnon of HD_ as Seen initn experiments. When considering the energetics we saw
Ref. 1 will be investigated by dynamics calculatidfis. that the LDA overestimates the adsorption energies, but
gives the right preference for adsorption site—the threefold
IV. CONCLUSIONS hollow sites. The two GGAs give reasonable agreement for
A main goal of this paper has been to investigate thehe adsorption energies, but suggest the top site to be slightly
corrugation of the KHPt111) potential energy surfad®ES. preferred compared to the threefold hollow sites. However,
We have used density functional theo®FT) within the the differences in the adsorption energies are very small, and
generalized gradient approximati0@GA), including scalar it is therefore difficult to reach a conclusion on the preferred
relativistic effects, and modelling the (RL1) surface as a adsorption site based on the energetics alone. As expected
slab. We found that the 4##Pt(111) PES is both energetically we found scalar relativistic effects to be important, whereas
and geometrically corrugated. Thus, our results do not supncluding additional spin—orbit interaction changed the ad-
port the suggestions based on the theoretical calculations Isorption energies by less than 0.1 eV. All in all these results
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suggest that DFT at the BP or PW level including scalar‘E. van Lenthe, E. J. Baerends, and J. G. Snijders, J. Chem. POys.
relativistic effects is capable of describing the interaction be- 9783(1994.

tween a hydrogen atom and aPtl1) surface in a way that

is, for the most part, consistent with experiments.
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