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We present density functional theory calculations for atomic hydrogen interacting with a stepped
surface, the P211) surface. The calculations have been performed at the generalized gradient
approximation level, using a slab representation of the surface. This is the state-of-the-art method
for calculating the interaction of atoms or molecules with metal surfaces, nevertheless only few
studies have used it to study atoms or molecules interacting with stepped surfaces, and none, to the
best of our knowledge, have considered hydrogen interacting with stepped platinum surfaces. Our
goal has been to initiate a systematic study of this topic. We have calculated the full
three-dimensional potential energy surfa@ES for the H/P{211) system together with the
vibrational band structure and vibrational eigenfunctions of H. A deep global minimum of the PES
is found for bridge-bonded hydrogen on the step edge, in agreement with experimental results for
the similar H/P533) system. All the local vibrational excitations at the global minimum have been
identified, and this will serve as a helpful guide to the interpretation of future experiments on this
(or similan systengs). Furthermore, from the calculated PES and vibrational band structure, we
identify a number of consequences for the interpretation or modelling of diffusion experiments
studying the coverage and directional dependence of atomic hydrogen diffusion on stepped platinum
surfaces. ©2004 American Institute of Physic§DOI: 10.1063/1.1755664

I. INTRODUCTION the structure gap is “real,” supporting the view that “spe-
cial” sites like steps, kinks, defects, or facet edges are more
The motivations for studying hydrogen interacting with reactive (or exhibit different propertigsthan sites on the
platinum surfaces are easy to find. Together with palladiumsperfectly flat” parts of the surfacé!=2?
platinum is the most important catalyst for heterogeneous The theoretical state-of-the-art method of today for cal-
hydrogenation reactions. It is also an interesting model sysculating the interactions between atoms or molecules and
tem for developing a better understanding of parts of thenmetal surfaces is considered to be density functional theory
intermediate reactions steps in certain fuel cells. But maybeDFT) at the generalized gradient approximati¢@GA)
more importantly, it is one of the systems for which the level employing a slab or supercell representation of the sur-
closing of the so-called “structure gap” between surface sciface (see e.g., Refs. 23—29However, most of the studies
ence and heterogeneous catalysis can be investigated baihsed on this periodic DFT/GGA approach have so far been
experimentally and theoretically by today's state-of-the-artperformed on defect-free low index single crystalline sur-
methods. faces, the reason being that the larger unit cells required to
In the 1970s it was debated whether the dissociation ofreat other systems make the calculations rather expensive
molecular hydrogen on platinum surfaces was facilitated bysomputationally. In light of the experimental evidence, the
the presence of atomic steps on the surface, with a number @élevance of these studies to heterogeneous catalysis might
experimental studies on deuterium—hydrogen exchange reage questioned. This realization has prompted a few periodic
tions seeming to indicate that this was indeed the ta%e. DFT/GGA studies on stepped, rough,(@ery) open surfaces
Very recent molecular beam experiments by @eel. add  (see, e.g., Refs. 14, 15, 18, 20, 21, 30%3td they all
convincing evidence to step sites being clearly more reactivgonfirm the experimental view that the reactions between
towards hydrogen dissociation than terrace sit€sThe ex-  atoms/molecules and such surfaces can be appreciably differ-
perimental evidence from other systems also indicates thaint than the reactions between atoms/molecules and defect-
free low index single crystalline surfaces.
9present address: Leiden Institute of Chemistry, Gorlaeus Laboratories, AS already indicated above there is a considerable ex-
Leiden University P.O. Box 9502, 2300 RA Leiden, The Netherlands. ~ perimental literature on hydrogen interacting with both the
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low index and stepped platinum surfadésr additional ref- ~ TABLE I. The basis sets used in the H/PL1) calculations. An NAO is a
erences see, e.g., Refs. 9, 10, 37, 3Beoretical studies on m,”lner'fca' Salmtm'ct Orb'talg.?nld gi.?ulmbe;s. rz.fertto dthe exiom‘f;mts of
the interaction of hydrogen with the low index platinum sur- %) of a Slatertype orbital. Orbitals not indicated were kept frozen.

faces employing the periodic DFT/GGA method for calculat-Element Basis
ing the electronic structure are not so numerous, nor are the- py 5d(NAO,1.8), 65(NAO,2.1), 6(2.1)
oretical studies employingquas) classical or quantum H 1s(NAO,1.58), 2(1.0)

dynamical methods to investigate the dynamics of hydrogef
atoms or molecules at or close to these surfdses, e.g.,
Refs. 37—-44 and refgrences thejeifio the best of our Il. CALCULATIONAL METHOD

knowledge, the periodic DFT/GGA method have so far not o

been applied to hydrogen interacting with stepped platinum ~ The program ADFEPANB was used to solve the
surfaces. This paper is the first in a series with the aim of<ehn—Sham equatiofs self-consistently foa H atom ad-
improving on this situation. The focus in this first contribu- S‘?fbed on a' 21D surface, modelllng thg surface by.a s]ab
tion will be on atomic hydrogen interacting with a SteppedWlth translational symmetry in two directions. A combination

P{(111) surface, the RP11) surface. The choice of the of numerlce_ll atomic orbitals _obtamed from numer_lcal
; . . Herman—Skillman-type calculatictfsand Slater-type orbit-
Pt(211) surface is a compromise between computational co

- . Séls forms a flexible basis set that has been used in the expan-
and realistic modelling of a stepped surface: Th&ED o of the one-electron states. It is worth to note that full
surface has terraces that are three rows of Pt atoms W'q,eonvergence with respect to the basis set can be obtained
which in the following will be seen to be wide enough to wjthout the use of plane waves, as has been demonstrated in
provide distinct terrace and step regions. Still, the unit cell igshe pasf® The calculations can in principle be performed
small enough to make this rather extensive study computawith all electrons included in the variational space. However,
tionally feasible. To be able to make a direct comparison taleeper lying electronic levels are kept frozen when explicit
the very recent experiments of Geeal. on the H/Pt533)  tests show that their variational inclusion has negligible ef-
and H,/Pt(533) systen’?s'LO the P{533 surface would have fect. Pseudopotentials are not used. The matrix elements of
been a desirable choice, but the extra computational co$he Hamiltonian are calculated employing an accurate Gauss-
would in our case have become inhibiting. However, thelyPe numerical integration scherfieand thek-space inte-
P{211) and P(533 surfaces are very similar and we still gration can be done accurately using the quadratic tetrahe-

3
should be able to make a relevant comparison to the resul&O" method? ,
of Geeet al The Vosko—Wilk—Nusair formul&8 are used to calcu-

Based on a linear combination of atomic orbitalsIate the exchange—correlation energy within the local density

. approximation(LDA). In this study we have employed a
(LCAO) approach, ,We obtain DFT/GGA, results for the GGA that combines the Becke correcfidifior the exchange
H/Pt(211) system using a slab representation of the surfac

nergy with the Perdew correctfSr{BP) for the correlation

We use this method to determine the full three-dimensionalerqy Scalar relativistic corrections are included through
(3D) potential energy surfacé€PES for a hydrogen atom ihe zeroth-order regular approximatiGhORA) 876

interacting W|th the RQlD Surface, together W|th |tS Vibra- The Computationa| parameters have been Chosen to en-
tional band structure and vibrational eigenfunctions. Thissyre that the real space ahdspace integrations are con-
will be helpful in determining the position of the more verged to within 10 meV and 20 meV, respectively, for the
strongly bonded adsorption state close to or at the step’edgadsorption energies and the relative energy differences. The
by providing site-specific vibrational bands that could beconvergence with respect to the basis(gaten in Table J is
probed experimentally. Another issue that will be addressedbout 50 meV. This level of accuracy has also been demon-
originates from the knowledge that some experimental efforstrated for similar basis sets for the CO(C00" and

has gone into determining possible directional anisotropies i€O/P{11)"* systems. From Fig. 1 it is seen that a three
the hydrogen mobility due to the presence of atomic steps ol@yer slab gives results that are converged to within 50 meV
a surfacé®*° and that the theoretical tools to model diffu- of the four and five layer slaligiote that we here refer to the
sion on stepped surfaces are rather well devel§pe, Nnumber of “full”layers, see Fig. £ and this is in accorda_tr;g:e
However, the modelling has been hampered by the lack Oxglth results from a number of studies for flat surfat® g
accurate PESs describing the diffusf8rOur periodic DFT/ ur results are given for a slab frpzen at a Pt-Ppt distance
GGA results might serve as a first step in the direction Ofequal to the experimental bulk lattice constéhi24 bohy,

developi h a PES for hvd diffusi where we have checked that relaxation effects do not change
eveloping such a or hydrogen diftusion on a steppe%e conclusions reached he@ more detailed discussion of

platinum surface by providing some detailed information s point is given at the end of Sec.)lIl

about the important features of the PES. _ We have used two Cartesian coordinate systems in this
In the following section some details of the calculational sydy. A “primed” system that is spanned by &haxis along

method will be given. Our results for the H(P1D) system 3 step edge, @’ axis along the(111)-direction [the surface

follow in Sec. Ill, and these results are discussed in relatiomormal to the(111)-terrace$ and ay’ axis in the plane of

to experimental results and other theoretical contributions inhe (111)-terraces, together forming a right-handed system

Sec. IV. Section V concludes. (see Fig. 2 The choice of workingpartly) with this primed
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-2.65 . T . T . located at the step itself, but well away from it. The

= “unprimed” system is the natural one for the(P11) surface,
L 2.7 and the primed and unprimed systems are connected by the
) i transformation:
g 2.75 x=x',
=] —\/ ! i
g -28 y=y cosy+z siny, 1)
g* z=7' cosy—Yy' siny,
ﬁ -2.85 with
: - . 4 1
2 3 4 5 cosy=—, siny=-. 2
Number of layers V18 3

FIG. 1. The convergence of the adsorption energy is shown for the three A full 3D PES for H(adsorbed in a1 unit cel) inter-
different sites top1, top2, and hcfdee Fig. 2c)] with respect to the number ~ acting with the R211) surface has been developed based on
of layers. The height above the surfac)(is chosen close to the equilib-  the corrugation reducing procedure described in Refs. 73 and
rium position above these sites. Note that the position above the surface i5y T inpyt data set for the employed interpolation scheme
given relative to the “primed” coordinate system, and is thus measuring the . .
height above the terrace plane. consists of more than 850 DFT/GGA calculated points fqr a
range ofz' values above/below each of the 24 surface sites

indicated in Fig. 2(between 30 and 4@’ values per site

system has been made due to the natural labelling it providégrresponding to the intervale [ —7.2,10.9 bohr have been

for the sites on thél11)-terrace. It also allows us to demon- US€d: o o
strate clearly that the extra barrier we find when moving The hydrogen vibrational band structure and vibrational

along the diffusion path from one terrace to the next, is no€igenfunctions have been determined for the 3D PES em-
ploying the techniques described in Refs. 38 and 39. The

basis set used for the diagonalization is of the fqmG)
X(z|¥,), where|G) are plane waves parallel to the surface,
and|W¥,) are harmonic oscillatofHO) wave functions with
energies corresponding to the average curvaité 9z on

the PES. The centers of the HO wave functions were placed
at the average equilibrium position of H along the edge of
the unit cell. The matrix elements of the potentl}, ,(G),

Yy where obtained by doing a Fourier transform for ea¢he.,
V(G,z)], and then calculating the matrix elements
(V,IV(G,2)|¥,,) for eachG. We have used 2849 plane

-+ waves for the coordinate=(x,y) for each value ofz(n,

I ! I ! T T T T T T T T
| topL  tf1  fecl brgd hep3 th3 fop2  tf2

0
/ > o . . .

E) ot P b b3 s b . _cbh2 | ] =201), and six HO wave functions for the coordinate

3 2k ; W < _ Convergence with respect to all basis set parameters have

= [ gl "Bl a @ TS RS e e | been checked to ensure that the v'ibration'al gigenvalues are

B, | converged to within 1 meV. The diagonalization was done

with a parallel code built with the SCALAPACK library.

6 1 L 1 L 1 L 1 L 1 L | L |
0 2 4 8 10 12

6
y' [bohr] Ill. RESULTS

FIG. 2. (a) Three layer representation of a relatively large part of ti213y The minimum pOtentlaI energy alomj for the 3D PES
surface to give an overall impression of this surface, with the three differenhas been calculated on a denseé,y’)-grid and a contour
layers marked by different shades of gray. Thikk)-terraces are separated plot of the resulting two-dimension&2D) PES is shown in
by atomic steps of #100-type. The cell depicted corresponds to &34 Fig. 3. A cut through this 2D PES along a Suggested diffu-

surface unit cell(b) Here a one layer representation of a smaller part of the . . . . . .
Pt(211) surface is showr{corresponding to a:21 surface unit cell The sion path[F|g. Z(C)] is shown in F|g' 4, together with the

directions of the “primed” and “unprimed’y andz axes are indicatetsee ~ Value at the minimum and the corresponding minimum dis-
text). (c) A 1X1 surface unit cell, with the irreducible part of it indicated by tgnce between the H atom and the Pt surface atoms. The

the dashed lines. Note that the unit cell has been projected onto a plane wigk P ;
the (111)-direction as a surface normal. The labelling of the sites top, fcc,Wgures show that a rather deep global minimum is found for

hcp, and brgbridge stems from what would be natural for the1d) sur-  (X',Y’,2")=(2.62,11.09,6.03) bohr, corresponding  to
face, with a number added to ensure a unique label. The other labels ha{e,y,z) =(2.62,12.47,1.99) boHiEq. (1)]. This geometry is
been assigned baf]eddonha go?binztitl)n of letters fr(;;n tgz closest “Eig:(h(,ery close to what one would call a bridge site on the step
symmetry sites. The dashed—dotted line is a possible diffusion path fo _ -

moving from a terrace onto the next one. THeaxis lies along a step edge, é_dge[(x’y) B (2'6_2’12'83) bofjc We also find an _eXtra bar-
and they' direction is normal to thex’ axis and the(111)-direction (' rier for approaching the step edge along the diffusion path
axis). from the lower lying terrace—the barrier close to the th3 site
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O_

FIG. 3. A contour plot is shown where for each positiot,{/’) within the

1X1 surface unit cell depicted in Fig. 2 the potential energy has been mini-

mized alongz’. The contour spacing is 0.05 eV. The darker the region is
shaded, the less stable it is.

is clearly higher than the other barriers between the differen
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y' [bohr]

IG. 5. (a) The adsorption energy aritd) z’ value for the two-dimensional
ES shown in Fig. 3 along the lines=0 (full), x’=1.31 bohr(dotted,

local minima on the terrace. Away from the diffusion path 4nqx' = 2.62 bohr(dashei

this shows up even stronger, with a high barrier hindering

motion from the lower terrace towards the step edge. This is

clearly shown in Fig. 3, and in Fig. 5 from cuts through the2D PES along the linex’=0, x’=1.31bohr, andx’

Adsorption energy [eV]

2z’ [bohr]

0 2 4 6 8 10 12 14
Distance from start diffusion path [bohr]

FIG. 4. (a) The adsorption energyb) z’ value, and(c) the distance to the
closest Pt surface atond(H—Pt)) for the two-dimensional PES shown in
Fig. 3 along the diffusion path indicated in FigicR The “bends” in the
diffusion path are indicated by stars, and the surface sites from @@gtht
the diffusion path passes through are marked by croesiés additional
labels for the sites hcpl, fccl, and th3

=2.62 bohr. Note that this extra barrier is not located in the
region where the step is being climbéaoving alongz'),
but well away from it, as should be clear from Figs. 4 and 5.
From Figs. 4a) and 4b) it is also seen that there is no extra
barrier encountered when climbing the step itge#., there
is no Ehrlich—Schwoebel barrfér’.

To better understand the nature of the very rgpicdthe
sense that it takes place in a very small interva ih climb
of the step, potential energy curves alarigior a number of
closely spaced/’ values have been shown in Fig. 6. The
results are given for the line’ =0, but very similar conclu-
sions are reached for all the results in Figs. 4 and 5. The
figure clearly shows that the potential alomg develops a
double well structure in the region where the step is climbed.
This presents a small problem to the simple way we have
obtained the 2D PES above by minimizing alazig When
the global minimum shifts from a local minimum at “small”

Adsorption energy [eV]

4
2'[bohr]

FIG. 6. The adsorption energy aloz§ for somey’ values along the line
x=0. The thin full line is fory’ =9.21 bohr where the two local minima are
equally stable. The dotted lines are for=8.97, 9.03, 9.09, 9.15 bohr, and
the dashed lines for' =9.27, 9.33 bohr. The thick dashed—dotted line is the
results of the minimization procedure used to obtain the results in Fig. 3, and
the thick full line shows the barrier missed by this procedure.
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FIG. 7. The hydrogen vibrational band structure for the 3D PES with the erferghative to the global energy minimum is shown. The bands are given for
straight lines between the pointg=(0,—k,/2), I'=(0,0), Y,=(0k,/2), S,=(k.J2k,/2), X=(k,/2,0), S, = (k,/2,—k,/2). The table gives the band indax
the center of the banH,,, and its widthAE,, (also indicated by the gray shade in the figure

z' for a giveny’ to a local minimum at “large’z’ for a close the global minimum We denote the other two principal di-
lying y’, a discontinuous jump i’ will occur. The resultis rections found byy” andz”, and they are shown by dotted
that the minimum energy path for moving from one terracelines in Fig. 9. They” axis forms an angle of 14.6 degrees
to the next is not completely followed in this region. How- with they axis. The obtained curvature of the potential along
ever, Fig. 6 also shows that the error made in the energy”, #2V/ay"?, yields an harmonic approximation of 48 meV
profile due to this artificial jump is very small, only about for the vibrational frequency in this direction. From Fig. 7 it
0.02 eV(for all the other cases we have checked the error i§s seen that the excitation energy for the=2 state is 47
smallep. This is the reason for not using a more complexmeV. Together with the results from Figs(b8 and 9b) we
algorithm that would be able to faithfully follow the mini- see that it is reasonable to assign this state to the lowest
mum energy path also in this region. parallel excitation alongy”, suggesting the labelling,

In Fig. 7 the vibrational band structure for the 3D PES is= (v, ,vy»,v,»)=(0,1,0). Next,d>V/dx? gives a harmonic
displayed, where the bandwidths were obtained through diapproximation of 107 meV for the vibrational frequency
agonalization on a dense grid in the 2D first Brillouin zonealongx. The excitation energy of the=3 band is 92 meV.
(FBZ) of the surface. Cuts along the symmetry lines in theThe difference between the two is due to the latter including
FBZ are shown in Fig. 7 and some eigenfunctionskier0 all anharmonic effects. Indeed, we note that Figs. 3 and 5
are shown with respect to the unprimed coordinate system imdicate that the anharmonic effects should be substantially
Fig. 8 (horizontal projectionsand Fig. 9(vertical cuts trans- larger in thex direction than in they/” direction and result in
versal to the steps, through the brgl and top3 sitEse first  a lowering of the vibrational frequency with respect to the
“pand” n=1 corresponds to the ground stffégs. 8a) and  harmonic approximation. Th@=3 wave function has a
9(a)]; the corresponding Bloch function &t=0 is fully lo- nodal plane in the direction[Fig. 8(c)] and the suggested
calized at the global minimum of the PES and the corredabelling is thereforer;=(1,0,0). Similar arguments can be
sponding band dispersion in the FBZ is essentially zeroused to arrive at the labelling,=(0,2,0) [Figs. §d) and
Bandsn=2 throughn=7 also arise from fully localized 9(c)], »5=(2,0,0) [Figs. 8e) and 9d)], »¢=(1,1,0) [Fig.
states close to the global minimum. They correspond to loca8(f)], andv,=(0,3,0) [Figs. 8g) and 9¢)]. At last, from the
parallel vibrational excitations, which we demonstrate belowcalculation of normal directions described above, we ob-
In a potential minimum, the directions of the oscillations tainedd?V/9z"? at the global minimum, which gives a har-
within the harmonic approximation are obtained by diagonal-monic approximation of 166 meV for the vibrational fre-
izing the second-derivative matrix evaluated at this givenquency alongz”. The excitation energy of the=8 band is
minimum. The second-derivative matrix at the global mini-165 meV, it shows little dispersion and has considerable
mum (as calculated in unprimed coordinate systdmas in  transversal charactgFigs. 8h) and 9f)]. Together these re-
our case some off-diagonal terms that are nonzero. Diagonasults suggest that=8 corresponds to the first transversal
izing this matrix gives thex axis as one of the principal excitation and the suggested labelling 1ig=(0,0,1). We
directions(as it should be due to the symmetry of the PES aialso note that the excitation energy is quite close to what one
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61 (a)|  top3 (b) 11(c) 11(d)
4 ] ]
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0 . ®
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FIG. 8. The vibrational eigenfunctions Btfor the bandsi=1 (a), ground staten=2 (b); n=3 (¢); n=4 (d); n=5 (e); n=6 (f); n=7 (g); n=8 (h). The
probability density/ ¢*  dz, is projected onto the=0 plane, and the nearest Pt surface atoms have been inditatédtop2, and top3, see also FigcQ.

Note that the eigenfunctions are shown with respect to the unprimed coordinate system, and that the step edge is located in the middle afatbagyraphs
the liney=0).

would expect for the transversal excitation of a bridge-diffusion along the step edge.

bonded hydrogefil63 meV on the R111) surfacé’]. The The hollow site hcpl and the top site top3 are two local
n=9 throughn=20 bands displayed in Fig. 7 are a mixture minima on the terrace, 321 meV and 266 meV above the
of medium—wide and wide bands that play a central role inglobal minimum, respectivelysee Figs. 2 and)3We found

-6 4 -2 0 2 4 6 -6-4-2 0 2 4 6 -6-4-2 0 2 4 6
y [bohr] y [bohr] y [bohr]

FIG. 9. The probability density* ¢ (atT’) in theyz plane, form=1 (a), n~=2 (b), n=4 (c), n=5 (d), n=7 (e), n=8 (f). The transversal section plane is given
by x=2.62 bohr. The open circle represent a topl Pt atom out of this plare; @bohr[see also Fig. @)], while the filled circle represent a top3 Pt atom
contained in this plane. Also depicted is the minimum energy path above the surface in this plane, at xer&@hbohr(compare to Fig. b together with
the tangent liney" axis, forming an angle of 14.6° with theaxis) and its normal £" axis) at the global minimum of the PEGee text
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the directions of normal oscillations by diagonalizing the TABLE Il. The lowest vibrational bands for atomic D on(211) are given
Corresponding second-derivative matrices. Thaxis is a relative to the global energy minimum. The table gives the band imdex

. : . the vibrational labelv,,, the (center of th¢ band energyE,, , excitation
normal direction for both minima due to the symmetry. Forenergy with respect to the ground state —E,, and the isotope rati®

the hcpl site, the second principal axis makes an angle Gjith respect to the corresponding H statésee text and Fig.)7
—2.0 degrees with thg axis. The harmonic approximations

for the vibrational frequencies at this site are 29 meV alond" V' By (meV)  E,—-Ei(meV) R n

X, 62 meV along the axis close to thexis, and 152 meV for 1 (0,0,0 110.1 0.0 1.42 1
the third axis, close to theaxis, which can be denoted as a 2 (0,1,0 143.7 33.6 1.39 2
transversal direction. The same analysis for the top3 sité 029 176.9 66.8 139 4
gives a local principal axis which makes an angle-¢f1.6 E(l)gg %g'g Sg'g igg 3
degrees with the axis, the third axis being perpendicular to g (0.0.1 2111 101.0 163 8
it. The corresponding harmonic approximations for the vibra-7 (1,1,0 211.8 101.7 1.35 6
tional frequencies are 51 meV along 96 meV along the 8 (0,09 241.2 1311 1.26 8

axis at—21.6 degrees with thgaxis, and 235 meV along the
third axis. The latter axis will be denoted as the transversal

axis at the top3 site. . , _ Some vibrational band structure results for D at the glo-
Next, we compare the harmonic estimates just obtainegly| minimum are given in Table 1. The isotope ratios are

with the energies obtained by the full 3D band structure cal-very close to the expected value ¥ for the ground state
culations. The vibrational band states-29 andn=38 are 54 ais0 the parallel excitation states alofg(where the
localized at the hcpl and top3 sites with an energy of 42G,5/monic approximation was already seen to be rather)good
meV and 444 meV, respectively. They have little dispersion, 4ccordance with our results above, where the anharmonic
and no clear nodal planes, and could be considered thetecis were considerably larger along thedirection and
“ground states” in these local minima. It is worth to note |oered the vibrational frequencies relative to the ones ob-
that even if the potential minimum at the top3 site is loWertained within the harmonic approximation, we find a lower
than the hepl site by 55 meV, the zero point energy contrijsoropic ratio for parallel excitation states alorgFor the
bution raises the state localized at the top3 site above thgansyersal excitation the picture is more complicated. From
state localized at the hcpl site. For each local potential Minigye harmonic approximation this state should be found at 117

mum which confines a localized state, we obtain the ZeromeV, but due to interaction with a parallel mode & 6) the
point energy(ZPE) by subtracting from the energy of the giate is split by+15 meV.

lowest energy state confined at that site the value of the local  a|| the above results have been obtained with a bulk

potential minimum. For the hepl and the top3 sites the ZPRerminated surface, and this is an approximation we should
are 99 meV and 178 meV, respectively. The two lowest loystify. In Fig. 10 we have compared the hydrogen adsorp-
calized parallel excitations for the hcpl site have been founggp energy above different sites for a bulk terminated sur-
at excitation energies of 14 me\1€34) and 17 meVit  face based on the experimental lattice constar4 bohy to
=36) (the energies are given relative to the local hcplihe adsorption energy found on a surface based on the GGA
ground statg and a local excitation state with considerablegp optimized bulk lattice constaf$.36 bohy and including
transversal character at 153 mev<(105). Two other local-  top layer relaxations. The figure shows that including surface
ized parallel excitations for the hcpl site were found at 58g|axations does not change the indicatiénsfor a rather

meV (n=53) and 71 meVi(=56). The parallel excitation deep global minimum close to the bridge site on the step
energies are small with respect to the harmonic estimates

found above, which is reasonable taking into account the

shallow local minimum at this site and the strong anharmo- — 24
nicity. The transversal mode is in good agreement with the i )
harmonic approximation. For the top3 site the two lowest =,
localized parallel excitations were found to be 48 meaV ( %o 26k
=57) and 53 meV 1t=61) (the energies are given relative 5 '
to the local top3 ground stagteThe former is an oscillation in = I
the x direction and its energy agrees well with the harmonic ;% 28k
approximation, while the latter is a lateral oscillation in the & '
y” direction and its energy does not match with the harmonic
approximation, showing that the anharmonic effects are 2 3k
stronger in this direction. We could not isolate a local exci-

tation state with predominantly transversal character at the
top3 site. According to the harmonic approximation, such a
mode would have a large excitation energy650 me\j FIG. 10. The adsorption energy is shown for a bulk terminated surface with
with respect to the global minimum, which would imply cal- the experimental lattice constafftll line) and a bulk terminated surface

; ; ; ith the GGA BP lattice constant and a relaxed top lagetted ling for a
CU|atm.g re“ably a very Iarge. numbe.r of eigenstates of thér,:lumber of sites in the surface unit cEee Fig. 2Zc)]. The height above the
potential. This cannot be achieved with the number of plangface is in each case chosen close to the equilibrium position above these

waves used in the present study. sites.

Surface site
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edge, (i) that there is an extra barrier for approaching the(QHAS) employing the new high-resolution spin—echo tech-
step edge from the lower terraces along the diffusion patmique in place of the time-of-flight methd-"®By changing

(the difference in the adsorption energy between the hcpge incident direction of the probe specific bands might be
and th3 sites remain virtually unchanged, see also Figs. 2 arteferentially excited, and might lead to more detailed ex-
4), and(iii ) that there is a rather large region unfavorafale  perimental information on the PES. It would also serve as a
compared to the other sites on the surfafe hydrogen rather stringent test of the PES that has been developed in
adsorption when approaching the step edge from the lowehis paper—a good agreement between the calculated vibra-
terrace. We also obtained the transversal vibrational fretional band structure and the measured one would indicate
quency within the harmonic approximation at the globalthe our PES is basically sound, whereas disagreements might
minimum for a surface based on the GGA BP optimized bulkgive us clues to what the weaknesses in our approach are. We
lattice constant and including top layer relaxations. Nineshould, however, add that we are well aware of the periodic
DFT points (within 1.0 bohr of the global minimuimwere  DFT/GGA approach not being of spectroscopic accur@cy
calculated along thg” axis(Fig. 7) and fitted/interpolated by meV or bettey, and that more than a qualitative agreement
a cubic spline. The resulting second derivati&//9z"? at  should not be hoped for at this stage. An error in the well
the minimum gave a harmonic vibrational frequency of 165depth for the global minimum of say 0.05-0.1 eV would
meV, in good agreement with the 166 meV found for theprobably shift most of the bands consideralily a spectro-

bulk terminated surface with the experimental lattice conscopic senseand the number of localized states might also
stant. That surface relaxations do not change the results athange. However, the result that the first excitation energy
the level discussed here is in agreement with what has beeflongy” is considerable smalldby almost a factor 2 in our
reported in other studies where the choice to work with arcalculation$ than the first excitation energy alomgnight be

unrelaxed stepped surface also was madé. reliably indicated by the periodic DFT/GGA approach. We
also believe that the calculated value for the first transversal
IV. DISCUSSION excitation energy at the global minimu¢@65 me\j should

that atomic hydrogen binds more strongly to the steps than ti1e energy differences are largehich is seen from the large
the terraces, as can be seen by a high-temperature peak in fli@quency, and this would give a smaller relative error in the
thermal desorption spectra of,Hhat is not present for the Curvature estimate. Support for this view can be found in,
Pt(111) surface’ Even though we have studied a different ©.9., LDA and GGA giving very similar frequencies for
surface, R211), a direct comparison to the experimental re-transversal excitations for H/@fL1) even though the well
sults for Pt533 is relevant: They are both surfaces with depths are quite differerit. A measurement of a vibrational
(111)-terraces separated Hg00)-steps, with the difference band at low hydrogen coverages with mainly transversal
being that the terraces are four atoms wide in the case diharacter close to 165 meV could be taken as an indication
Pt(533), and three atoms wide for ®t.1). The presence of that the global minimum of the PES is close to the bridge site
the deep global minimum in the PES found in the precedingn the step edge, as predicted by our calculations. Further-
section would result in a high-temperature peak in the thermore, the excitation directions suggested in the plots of the
mal desorption spectra above a broader low-temperaturgbrational eigenfunctiongFigs. 8 and §might be helpful in
peak, and this is in good qualitative agreement with what ha#terpreting maxima and minima in the resulting signal when
been found by Geet al. The analysis of their data lead Gee changing the incident direction of the experimental probe.
et al. to suggest that only half of the available step sites aréNote that for a stepped surface the directions of normal os-
populated by a strongly adsorbed species. In our case thgillations are not dictated by geometry to the same extent as
corresponds to one hydrogen atom adsorbed at the step edigethe case of a flat surface where the adsorption sititen)
in a 2x1 unit cell (a total coverage ob=1/6). We have have higher symmetry—the directions as determined by di-
repeated our calculations with two hydrogen atoms in theagonalizing the second-derivative matrix can, as in our case,
2X1 unit cell (§=1/3), both placed at the most stable geom- be appreciably different than those determined by the surface
etry found in Sec. Ill. We find that the second hydrogen atonplane and surface normal for the terraces.
is about 0.05 eV less stable than the first, but this is still ~ An older electron energy-loss spectroscdBELS) ex-
appreciably more stable than all other sites on th@1j  periment found three hydrogen bands at a stepped platinum
surface atf=1/6 (see Figs. 3, 4, and)5Thus, our results surface with (111)-terraces six atoms wide separated by
indicate that all hydrogen atoms adsorbed at the step eddé11)-steps’® They assigned a band at 62 meV to a transver-
are more strongly bonded to the surface than atoms adsorbedl excitation of hydrogen adsorbed on the threefold hollow
on the terraces, and that all step sites can be populated Isjtes on thg111)-terrace, a band at 140 meV to a transver-
this strongly adsorbed species. Additional theoretical and exsally excited bridge-bonded hydrogen at the steps sites, and a
perimental efforts would be needed to resolve this appareriiand at 157 meV to a vibration parallel to the surface. How-
discrepancy. ever, recent HREELS experiments and DFT calculations for
Based on the results in Sec. Il we would expect a quiteH on a flat Pt111) surfacé®3® have shown clearly that a
rich and coverage-dependent hydrogen vibrational bandiode at 68 meV igfor all coverages due to oscillations
structure that in principle should be detectable with, e.g.with large parallel components at the fcc site, while a mode
high-resolution electron energy-loss spectroscopyat 153 meV is due to transversal oscillations at the same site.
(HREELS,*®#% or quasielastic helium atom scattering  We suggest here a different assignment of the modes
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observed by Barand Ibach’® First, the loss peak at 157 was believed that substrate distortion was dominating the
meV is most likely a transversal mode at the threefold hol-diffusion process, which also would render a comparison to
low sites on thg(111)-terraces. Support for such an assign-our PES rather dubious. In Ref. 47 an additional activation
ment is given by the transversal mode found at the hcpl sitenergy of about 0.1 eV for climbing the steps was found on
at 153 meV in the preceding section, and by the results o& ruthenium surface. However, no trapping of hydrogen at
two other studies already mentioned above identifying astep sites was seen, indicating that the PES governing the
transversal mode at 153 meV for(Pt1) as originating from  diffusion process is quite different from the H(Pi1) PES.
a localized excitation at the fcc site® Second, since the For hydrogen diffusion on RB22) the activation energy for
140 meV loss saturates at low coverages it is most likely arossing a step was found to be about 0.05 eV higher than
vibrational mode at the steps, but the adsorption site is nahe activation energy for moving parallel to the step etfge.
the same as the bridge-bonded hydrogen on the step ed@eit the measurements were done close to saturation cover-
found in this study which gives a transversal excitation atage and a comparison to the HZ1) system as studied
165 meV. Barcand Ibach suggested that the mode originatesiere might not be very relevant. An upper limit to the addi-
from a localized vibration for a bridge-bonded hydrogen intional barrier for hydrogen atoms crossing a step on a 0.1°-
the corner of thg111)-step. Since thé€211) surface has a miscut Ni111) surface was reported to be 0.06 eV in Ref.
(100)-step face, and the surface used by Barma Ibach a 49. In the light of the very low step density together with a
(111)-step face, we are not able to check their suggestedather high coverage in this study we are not sure we can
assignment directly. However, the results in this study givingmake a fruitful comparison to the results obtained in Sec. Ill.
a mode at 165 meV for bridge-bonded hydrogen at the stefphe focus in Ref. 80 was to study step effects on diffusion
edge together with results for H{R11) which gave a trans- near a substrate reconstructive phase transition for the
versal excitation energy of 163 meV for bridge-bondedH/W(100) system, but some indications were found for an
hydrogeri’ (within the harmonic approximationseems to  extra barrier of about 0.1 eV for moving from one terrace to
indicate that 140 meV is too low a frequency to be associatethe next. However, as in many of the cases above, the cov-
with transversal vibration of a bridge-bonded hydrogen. Weerage(with respect to the number of step sites availablas
suggest that théeffective coordination for the binding site considerably higher than what is considered in the present
giving rise to the loss at 140 meV is higher, but theoreticalstudy.
calculations for a surface including11)-type steps will be But even if the above considerations clearly shows that a
needed to provide clear evidence one way or the other. Feomparison between existing experimental results and the
nally, the loss observed by Baamd Ibach at 62 meV is most results of our H/RR11) calculations should be done with
likely not originating from a localized transversal excitation quite a lot of care, we think there is some support from
at the terraces. The results of the present study as well a&xperiments suggesting that an extra barrier is encountered
those of Refs. 38 and 39 indicates that this loss is due tfor a number of systems when hydrogen is moving from one
parallel excitations: In the preceding section two parallelterrace to the nextas compared to moving along a single
modes at the hcpl site were found at 58 meV and 71 me\Merrace. The results of Fig. 4 indicate an additional barrier of
and in Refs. 38 and 39 a parallel mode at 68 meV localizedbout 0.1 eV for H/R211), and this seems to be quite rea-
at the fcc site was found. sonable in the light of the experimental values given above.

We do note that our suggested assignment should bé/e would be eager to see, e.g., QHAS or STM experiments
takencum grano salis-the P{211) surface we have consid- taking on the challenge of studying surface diffusion for the
ered has shorter terraces and a different step face than th#Pt(211) system and possibly verifying our prediction for
surface studied in Ref. 79. We also should note that our PEfhe presence of such a barrier.
has been obtained for the low coverage limit and that includ-  Based on the results in Sec. 1l we can make a number of
ing lateral hydrogen interactions at higher coverages mightther predictions or interesting observatiofi$.The activa-
influence the suggested assignments considerably. tion energy for diffusion on the H/Bt11) surface is strongly

As already mentioned in the Introduction some experi-coverage dependent. At low coverage=1/6 or lowe) the
mental effort has been put into investigating directionalbarrier should be between 0.15 and 0.2 eV. The diffusion
anisotropies in the hydrogen mobility due to the presence ofvould in this case take place only along the step edges.
atomic steps on the surface. However, as we will indicate irAfter most of the step sites have been occupied by the
the following, a direct comparison between the available exstrongly adsorbed hydrogen, the terrace sites will become
perimental results and our H{RL1) results is not straight- occupied and the diffusion barrier decreased to the 0.05-0.1
forward. Hydrogen diffusion on two stepped tungsten sureV level for diffusion along a single terrac@i) In addition
faces, W123 and W023), were studied in Refs. 45 and 46, to the already mentioned extra barrier of about 0.1 eV, and as
respectively. Very little anisotropy was found, indicating noa consequence of it, a much lower diffusion constant for
(or very small extra barriers for moving from one terrace to moving from one terrace to the next, there might be other
the next. However, in the {23 study the authors noted interesting features associated with climbing the steps. Since
that there might have been some H present at all times on thbe climbing takes place in a very small interval wf, a
surface during the experiments. This “background” of ad- modelling of the diffusion on, e.g., a 2D effective PES where
sorbed hydrogen atoms would most likely alter the PES fothe motion along the direction normal to the terrace plane is
hydrogen diffusion considerably, making a comparison to theassumed to evolve adiabatically might give different results
present H/RR11) PES questionable. In the case of@23) it  than when performing a 3D modelling. Support for such a
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suggestion can be found from realizing that the inertia of the/. CONCLUSIONS

diffgsing H atom is Iikelly to prevent it from fO”Ong the In this study we have presented periodic density func-
mlnk;mglmlengrgy pﬁj[hhm tf]:re s_tep breg|.on,f and th.'s V]\ZOUId’[ional theory(DFT) calculations at the generalized gradient
probably lead to a higher efiective barrier for moving from approximation(GGA) level for atomic hydrogen interacting
one terrace to the next than would be seen in a 2D model. Uvith a stepped platinum surface, the(Zt) surface. We
might also be important to take into account the very repuly,qe caicylated the full three-dimensioid@D) potential en-
sive nature of the PES in an extended region close to the steé}gy surface(PES for the H/P{211) system together with

edge when modelling the diffusion. We think that thesey,e\irational band structure and vibrational eigenfunctions.
predictions/observations provide interesting input for new, deep global minimum is found for bridge-bonded hydro-

Fheoretical modelling efforts along the lines already pursue(berl on the step edge, and this is in good qualitative agree-
in, e.g., Refs. 50-56. ment with the thermal desorption spectra on the similar

As indicated in the Introduction we are not aware of anyyypy533 system. However, we find a different saturation
other periodic DFT/GGA studies investigating the Interactiongqyerage for this strongly adsorbed species than the experi-

of hydrogen atoms with stepped Pt metal surfaces. The efyent for H/PE533) suggests—additional theoretical and ex-

forts so far has mainly been focused on CO, NQ, ®,  perimental efforts would be needed to resolve this apparent
H,, and S interacting with a range of different stepped SUrgiscrepancy.

faces(see, e.g., Refs. 14, 15, 18, 20, 21, 3036, 8bw- All the local vibrational excitations at the global mini-
ever, some results for atomic adsorption of hydrogen onynym have been identified and will serve as a helpful guide to
Pd210 were given in Refs. 20 and 33. Even if it might be the interpretation of future experiments on this similan
more natural to classify the F2lL0) surface as &very) open  systents). Based on our results at least two predictions can
surface and not stepped, the most stable adsorption site iSj@ made that could be verified by today’s state-of-the-art
bridge-bonded species at the “step edge,” i.e., very similar t%xperimental methods when performed at low coveraggs:
what we have found for H/R211). Also in Ref. 32 some The strongly adsorbed bridge-bonded species at the step
results for atomic adsorption and diffusion were given. Al-edge should give rise to a vibrational band with mainly trans-
though the adsorbates were N and O atoms and the surfacg/@rsal character at an excitation energy close to 165 iigV.
“corrugated” ruthenium surface, the trends are very similarThe first parallel excitation energy corresponding to an exci-
to the results in Sec. I1ki) The most stable adsorption site is tation along the direction normal to the step edge should be
at the step edgéor close to i, (ii) there is an extra barrier considerably smalletby almost a factor of 2 according to
for approaching the step edge from the lower terrace, angur calculationsthan the first excitation energy for an exci-
(iii) no Ehrlich—Schwoebel barrier is present. tation along the step edge.

Since a comparison of our results to those of experimen-  The vibrational bands that would play an important role
tal studies is rather difficultfor reasons given aboyeand a  in the diffusion between the strong adsorption sites along the
direct comparison to other theoretical studies for hydrogerstep edges have also been calculated. A good agreement be-
adsorbed on stepped(P1l) surfaces is at the moment not tween this calculated vibrational band structure and(the
possible, a short comparison of different theoretical studiege) measured one would indicate that our PES is basically
of the H/P{111) system might be at its place. In the early sound, and therefore be a useful starting point for modelling
DFT/LDA calculations of Feibelman and Ham&fonly the  the diffusive motion. In particular, the calculated PES and
hollow sites were considered, and the fcc site was found t@ibrational band structure identify a number of consequences
be about 0.2 eV more stable than the hcp site. In more recefiér the interpretation or modelling of diffusion experiments
studies at the DFT/GGA level the potential corrugation alongstudying the coverage and directional dependence of the dif-
a path connecting two fcc sites via bridge and hcp sites igsusion of atomic hydrogen on a stepped platinum surféige:
consistently found to be somewhat smaller, in the rangéhe activation energy for diffusion on the H{P11) surface
0.03-0.08 eV’~**Also in agreement with each other, these is strongly coverage and directional dependéitThe extra
recent studies show the top site to be a rather strong loc#&arrier encountered when moving from one terrace to the
minimum with a barrier of 0.1-0.15 eV for moving away next (as compared to moving along a single terjaisenot
from it. There are, however, small differences of about 0.1found at the step itself, but occurs earlier along the diffusion
eV when comparing the depth of the minimum at the top sitgpath (when moving from a lower-lying terrace to a higher-
to the depth of the minimum at the fcc site, but we think thislying one. We find no Ehrlich—Schwoebel barridiii) The
is within acceptable limits—certainly if taking into account climbing of the step takes place over a rather short interval in
the recent debate about the accuracy of different DFT/GGAhe direction parallel to the terraces. We therefore expect that
approaches for the COfR11) system’'®3Based on(i) the = modelling the diffusion with, e.g., a 2D effective PES where
favorable comparison between the recent DFT/GGA calculathe motion along the direction normal to the terrace plane is
tions and experiments for the H{RL1) systent’~*3(ii) the  assumed to evolve adiabatically might give different results
approach followed in this paper being identical to that ofthan when performing a 3D modelling. It might also be im-
Ref. 37, and(iii) all computational aspects pertaining to the portant to take into account the very repulsive nature of the
method we have applied are shown to be well under contrdPES in an extended region close to the step edge when mod-
(Secs. Il and I}, we think our results will be a useful guide elling the diffusion.
for future theoretical and experimental studies on hydrogen When comparing our present results to results from ex-
interactions with stepped @11) surfaces. isting experimental and theoretical periodic DFT/GGA stud-
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ies we find the agreement on the whole rather gratifying. But*Z. Sjivancanin and B. Hammer, Phys. Rev.&, 085414(2002.

we would like to stress that there is still a considerable efforf®A. D. Karmazyn, V. Fiorin, S. J. Jenkins, and D. A. King, Surf. %38

to be made for the system of hydrogen interacting with, 171(2003.

stepped platinum surfaces. On a theoretical level more peri- - Makkonen, P. Salo, M. Alatalo, and T. S. Rahman, Phys. Re67
. : 165415(2003.

odic DFT/G.GA'caIcuIatlon_s are rpeded, as are efforts targ A Olsen, G. J. Kroes, and E. J. Baerends, J. Chem. Rhgs11155

model the diffusion employing realistic PESs. We would also (199g,

very much encourage new experimental studies on this sy$ts. c. Baescu, P. Salo, T. Ala-Nissila, S. C. Ying, K. Jacobi, Y. Wang, K.

tem by, e.g., high-resolution electron energy-loss spectros-Bedurftig, and G. Eril, Phys. Rev. Let88, 136101(2002.

copy, scanning tunneling microscopy, or quasielastic heliuni’s: C. Badescu, K. Jacobi, Y. Wang, K. Bédtig, G. Ertl, P. Salo, T.

atom scattering employing the new high-resolution spin—, A/&-Nissila, and S. C. Ying, Phys. Rev. @, 205401(2003.

echo technique in place of the time-of-flight method.
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