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The results of a density-functional-theory study of the formation energi€s06f- and (111)-faceted steps
on the P§111) surface, as well as of the barrier for diffusion of an adatom on the flat surface, are presented.
The step formation energies are found to be in a ratio of 0.88 in favor oflthB-faceted step, in excellent
agreement with experiment; the equilibrium shape of islands should, therefore, clearly be nonhexagonal. The
origin of the difference between the two steps is discussed in terms of the release of stress at the surface
through relaxation. For the diffusion barrier, we also find relaxation to be important, leading to a 20% decrease
of its energy. The value we obtain, 0.33 eV, however, remains higher than available experimental data;
possible reasons for this discrepancy are discussed. We find the ratio of step formation energies and the
diffusion barrier to be the same whether using the local-density approximation or the generalized-gradient
approximation for the exchange-and-correlation enel§9163-182@08)01104-7

I. INTRODUCTION of SFE of 0.92 this has not yet been confirmed experimen-
tally. For Pt, in contrast, corresponding calculations by Fei-
Detailed knowledge of surface properties is important tobelman failed to reproduce the experimental results, leading
understanding a wide variety of phenomena such as catalyo essentially equal SFE for the two types of stéps.
sis, surface reactivity, growth, etc. Of particular importance A second feature that makes the (ftt1) surface interest-
are such quantities as the step formation enetgfB, Ingis that it possesses two different adsorption sites: the fcc
which determines the equilibrium shape of islands on flafnorma site, where an adatom sits in a position appropriate
terraces, and the potential energy surface seen by, e.g., #hthe stacking of atomic planes in a perfect fcc crystal, and
adatom, which provides information on the preferred siteghe hcp(stacking faulf site, corresponding to an hcp stack-
for adsorption and the kinetics of diffusion. We present herdnd. Both sites have three nearest neighbors, the difference
a detailed study of these properties for 141) surface of ~between the two lying in the second-layer arrangement, as
p|atinum within the framework of density_functiona| theory illustrated in F|g 2. It has been shown that, for transition
(DFT).! metals, the preferred site for adsorption depends on the fill-
The (111) surface of fcc metals, and, in particular, Pt, is ing of thed band®® For Pt, DFT-LDA calculations predict
of interest for(at least two reasons. First, as displayed in the fcc site to be much more favorai) by 0.12-0.18 eV,
Fig. 1, it exhibits two possible step geometries, named acdepending on the state of relaxation of the substrate. This is
cording to the microfacet that step-edge atoms form witithe largest difference observedo fay for late transition
atoms in the layer underneath, namely(180-faceted step, Metals and noble metalis:**Experimentally, also, there is
where an edge atom has a single near neighbor at the base®fidence that the fcc site is preferred over the hcp site in
the step(i.e., the microfacet constitutes a square lajtiaed
a (111-faceted step, where each atom has two neighbors (100) -faceted

(triangular latticg. The only difference between the two ge- O O O O O

ometries, as far as nearest neighbors are concerned, is that
000 OOO

atoms at the base of the step have a coordination of 10 for

the (100-faceted step and 11 for th@11)-faceted step. The

two steps are evidently very similar and the formation ener- O O

gies are thugxpectedo be comparable, i.e., the equilibrium O O
QO

O

O

island shape should be very nearly hexagonal, with the sides
consisting of, alternately(100)- and (111)-faceted steps.
This has indeed been observed in the case @Réf. 2 and

Ag.2 For Pt, however, scanning-tunneling microsc¢gyM)

reveals, rather, a strong preference(fbtl)-faceted steps — \
0.87+£0.02 as measured by the ratio of step formation ener-
gies per unit length.On the theory side, DFT calculations in
the local-density approximation(LDA) by Stumpf and FIG. 1. Top view of an islandfilled circles on a fcc(111)
Scheffler predict this behavior in the case of Al, with a ratiosurface indicating the two possible step geometries.

(1l11l)-faceted
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top side in a ratio of 0.88(versus about 0.87 experimentalfyOur
view view calculations, further, suggest a simple explanation for the
origin of the energy difference between the two steps in
terms of the release of surface stress through relaxation. Be-
O O . fore discussing our results in detail, we give a brief descrip-

O O ®O tion of our computational approach.
O

O O O O Il. COMPUTATIONAL DETAILS
S8y 000 |

As already noted above, the calculations reported here
were performed within the framework of density-functional
FIG. 2. Top and side view of the two different adsorption sitestheory; using both the LDA(Ref. 5 and the GGA(Ref. 16
on a fcc(111) surface: fee sitgfilled circle) and hep site(dashed for the exchange-and-correlation energy. The ion cores were
circle). The side view corresponds to the plane indicated by thedpproximated by pseudopotentials wittl Blectrons treated
straight line in the top view. as valence states. The pseudopotentials were generated using
the semirelativistic scheme of Troullier and Marfihsnd
expressed in the Kleinman-Bylander form using theom-
onent as the local orf8-?> The electronic wave functions
ere represented using a plane-wave basis set with kinetic
energy up to 40 Ry in the LDA and 45 Ry in the GGA. To
improve convergence, the electronic states were occupied ac-
e&ording to a Fermi distribution witlkgT,=0.1 eV and the
total energies obtained by extrapolating to zero electronic
Yemperature. For similar reasons, the calculations were initi-
ated using wave functions obtained from the self-consistent
fsolution of the Kohn-Sham Hamiltonian in a mixed basis set
composed of pseudoatomic orbitals and plane waves cut off
at 4 Ry?® The minimization of the energy with respect to the
. ) . . electronic degrees of freedom was done using an iterative
calculations of the formation energies of the two kln'ds of sroceduré® After achieving electronic convergence, the at-
s’;eps_, as well as of th_e energetics of adat_om adsor_ptl_on A¥ts were moved according to a damped Newton dynamics
diffusion. The calculations have been carried out within th_euntil forces became less than 0.01 eV/A. All the calculations

LDA, but we have als_o carried O.Ut a series of calculations Nvere performed using the supercell approach. Details of the
the generalized-gradient approximaflbiGGA) so as to as- g shape and size, as well Rgpoint sampling, for the dif-

sess the applicability of the.L[‘)A to this system. We'fmd theferent geometries considered, are given along with the results
LDA to offer a better descriptioficompared to experiment in the following sections

of the lattice constant of bulk Pt than the GGA, in agreement
with previous calculationt’'®as well as some properties of
the clean(111) surface(surface relaxation and work func- lll. RESULTS

tion). Within numerical accuracy, however, we observe no A. Bulk and surface properties
sizeable effect on the ratio of SFE and on the energetics of

adatom adsorption and diffusion. completeness, we first determined the lattice constant of the

As discussed in more detail below, the electronic wav ; .
: . ; ulk material as well as the properties of the clea(l P}
functions were expanded in plane waves, which enables us {0

q . ) . surface—surface energy, relaxation, excess surface stress,
eal easily, and completely, with the effect of relaxation on ; .
) A ; and work function. As a reminder, the surface stress tensor

adsorption and adatom diffusion. In the calculations of Refs, " . . b
8 and 10, only nearest-neighbor relaxation was included, ales 1S GVEN DY
best. We opsgr_ve that proper account of atomic relaxation Gap=V3aptdylde 5 1)
leads to a significant decrease, B20%, of the value of the
diffusion barrier on the flat111) surface. Our estimate for Wherey is the surface energy per unit areay is the strain
this quantity, while closer to experiméft® than previous tensor ands, is the Kroneckew function. The second term
calculations*° however, remains high—0.33 versu.26  in this equation represents the excess surface stress. For the
eV; possible reasons for this discrepancy will be discussed:lean surface, we used aX1) supercell consisting of 5 or
In contrast, the difference in energy between the two adsorp? (111) atomic planes plus-10 A of vacuum. Integration of
tion sites increases upon relaxing, from 0.10 to 0.17 eV. the first Brillouin zone was done over a uniform grid of 100

One other important advantage of plane waves is that, ik points in thex-y plane, which was found to yield well-
contrast to the Gaussian orbitals used in Ref. 7, they areonverged results, e.g., within 2 meV for the surface energy.
independent of the atomic positions and should, thereforeThe latter was calculated by comparing to a bulklike (1
provide a more adequate description of the subtle difference 1) supercell containing three layetand of course no
in SFE expected here. In agreement with experiment, ouvacuun). The samek-point density was used for the-y
highly converged calculations indicate a clear preference foplane; to compensate for the smaller size of the cell inzthe
(111)-faceted steps ovel00-faceted steps, the SFE being direction, the two-dimensional grid was replicated four times

Pt:1%13 while a precise numerical value cannot be inferred

from the measurements, it is estimated that the differenc
should beat least0.06 eV*® However, despite this apparent
agreement, the DFT calculations foPt1) (Refs. 8 and 1D
have been unable to reproduce correctly the diffusion barri
— 0.38-0.41 versus-0.26 eV from experimen14Since it
is of primary importance to have reliable and accurate energ
barriers in order to predict growttsee, for example, Ref.
15), it is essential that this discrepancy be resolved.
Clearly, a quantitative picture of the surface properties o
Pt(111) is still missing. In order to address this problem, we
present here the results of extensiae initio total-energy

In order to assess the validity of our approach, and for
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TABLE I. Bulk and clean(111) surface properties of platinum: lattice constantsurface energyr, excess surface stress top and
second layer relaxatiom\d,, andAd,3, and work functionw.

a o T Ady, Ady; w

A) (eVIA?) (eVIA?) (%dpui) (%dpui) (eV)
Present LDA 3.92 0.124 0.25 0.4 -0.2 6.07
Present GGA 4.00 0.097 0.22 -0.4 0.0 5.70
Other LDA 3.87%3.89°3.90°  0.1379  0.213%0.289° 1.2570.449 -0.05'-0.319  6.1076.12¢
Other GGA 3.97
Expt. 3.91 <|2.9 71 <2/ *1.5+1.0' 0.0m 5.77-6.10"

1.1+0.5™1.0°<[0.4 P

3Reference 25. iReference 28
breferences 10, 17, and 26. IReferences 29 and 30.
‘Reference 18. KReference 31.
dReferences 25 and 26. 'Reference 32.
®Reference 26. MReference 33.
fReference 10. "References 36—41.
9Reference 27. °Reference 34.
"References 17 and 18. PReference 35.

alongz so as to get a density of points similar to that in the For the work function, finally, the experimental values
x-y plane. For the excess surface stress, we varied the imso vary quite a bit, in the range 5.77-6.10 eV. According
plane lattice constant for both the clean surface and the bulltp Kaack and FicK! however, the work function has a small
while keeping the atomg coordinates fixed to their bulklike temperature dependence, decreasing slightly with tempera-
values, and examined the concomitant variations in the totglre. Since our calculations are performed at 0 K, we expect
energy. that they should compare well with the largest experimental
The results are listed in Table |, along with those fromvalues. We find, indeed, that the LDA result, 6.07 eV, is in
other ab initio calculations and experimental values whenexcellent agreement with the largest experimental number,
available. Evidently, our LDA lattice constant is consistent6.10 eV. The GGA value, in contrast, is significantly smaller
with previous calculations and with experiment. The GGA—5.70 eV—indicating, once more, that the LDA provides a
value, in contrast, while in agreement with other calcula-better description of Pt than the LDA. In spite of this, the
tions, overestimates somewhat the lattice constant, by moitgvo approximations will carefully be examined in the con-
than 2%; it is a well-known fact that the GGA yields larger text of SFE and diffusion barriers.
lattice constants than the LDARef. 1§ — actually over-
compensates in the present case. For the surface energy and )
excess surface stress, our LDA results agree well with pre- B. Step formation energy
vious calculations. We note that the excess surface stress is We come now to the heart of the matter, namely, the
large and positive, meaning that theBtl) surface is under energetics of step formation. In order to determine the SFE,
significant tensile stress, i.e., would prefer a smaller latticeve constructed vicinal surfacesising rectangular surface
constant. Theotal surface stress, as given by Ef), is 0.37  cells) appropriate to each type of steps. For (h@0-faceted
eV/AZ?, in very good agreement with a recent calculation bystep, we examined both @11) and a (332 surface; the
Feibelman that gives 0.392 eV#&’ Unfortunately, to our former has three atoms per terrace while the latter has five.
knowledge, there exists no experimental determination ofor the (111)-faceted step, only th€221) surface, which
these quantities. In the GGA, both the surface energy and theontains four atoms per terrace, is considered. Again, here, a
excess surface stress decrease. This effect of the GGA on thacuum region of approximately 10 A was included in all
surface energy was actually predicted from jellium cases.
calculations-® The energies of the vicinal surfaces were determined us-
We have also calculated the top and second layer relaxng the same procedure as in the case of the clean surface,
ation, Ad;, and Ad,s, i.e., the change in interlayer spacing i.e., by comparing to an appropriate bulk model. In order to
relative to the bulk value. We find a sm#0.4%) outward minimize the error arising from the use of different geom-
relaxation for the top layer. This is quite a bit smaller thanetries, the bulk reference system for a given vicinal surface
the value reported in Ref. 10, 1.25%, but in excellent agreewas always taken to have the same in-plane geometry as the
ment with a more recent calculation 0.44%The GGA, surface. Thus, the sankepoints were used in the-y plane,
interestingly, leads to a smailhward relaxation. Currently while for the z coordinate, the grid was adjusted to yield a
available experimental data vary widely, in the range O—comparable density. In total, the bulk supercells correspond-
2.5%, and are, therefore, not of much help in resolving theng to the (211), (322, and(221) surfaces contained 6, 34,
issue. For the second layer, theory and experiment agree thamnd 18 atoms, respectively.
it should be insignificant, i.eAd,gz is a small fraction of a The SFE is given, simply, by the difference in energy
percent. between a surface with a step and one without. Since we are
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TABLE Il. Step formation energySFE for the (100-faceted TABLE lll. Same as Table Il but for thé€l11)-faceted step.
step on RtL11) (in eV per step atomnand work functionw for the
corresponding vicinal surfacésee tex, as a function of the num-  Surface N, Ny XC SFE w
ber of (111) layersN, , number ofk pointsN, , and approximation (eViab (eV)
scheme for the exchange-and-correlat{®c) energy.
(229 rigid 5 8 LDA 0.64 5.84
Surface N, Ny XC SFE wW (221) relaxed 5 8 LDA 0.38 5.80
(eV/ah (eVv) (221) relaxed 7 8 LDA 0.38 5.82
(211 rigid 5 8 LDA 0.63 588 (221 rigid 5 8  GGA 0.50 5.54
(211) relaxed 5 8 LDA 0.45 5.92 (221) relaxed 5 8 GGA 0.25 550
(211 relaxed 5 12 LDA 0.46 5.93
(217) rigid 7 8 LDA 0.65 5.89
(21 relaxed 7 ) LDA 0.47 5.94 ine the effect of relaxation and size within the LDA. With all
atoms in the bulklike configuratiofieferred to as “rigid” in
(211) rigid 5 8 GGA 0.50 558 Table 1)), we find the SFE to be rather insensitive to the size
(211 relaxed 5 8 GGA 0.34 563 of the supercell: adding two layers to tfmll) slap increases
(219) relaxed 5 12 GGA 0.34 564 the SFE. by a mere 0.02 e¢tep aton, while using a(322
(211 rigid 7 8 GGA 0.52 559 surface instead of é€211) leads to a small decrease of 0.01
(211) relaxed 7 8 GGA 035 563 eVl(step _atorm (The_ number of layers refers_ to _the nu_mber
of (111)-like layers in the slab before a rotation is applied to
make the surface vicinalHowever, upon relaxingll atoms,
(322 r_e'?‘xed > 4 LDA 0.44 5.96 except those in the centrél11) layer (configurations re-
(322 rigid 5 8 LDA 0.62 5.94 ferred to as “relaxed” in Table ), the SFE is found to
(322 relaxed 5 8 LDA 043 595 decrease strongly, from 0.62 to 0.43 &fép ator for the
o (322 surface. For the relaxed configurations, we have also
(322 rigid 5 4 GGA 0.46 5.64  examined the convergence with respect to kkgoint sam-
(322 relaxed 5 4 GGA 0.29 5.66  pling. In all cases, the SFE changes by at most 0.01stf

atom upon increasing the number &f points. Thus, we
deali h | surf h hi | best|mate the SFE for the.00-faceted step to be 0.430.02
ealing with vicinal surfaces here, this is equivalent to su ©Vl(step atomwithin the LDA.

tracting from the vicinal-surface energper terracg oy, For the (111)-faceted step, in view of the above results,
that portion of the clean surface energy corresponding to thﬁ,e have studied a single vicinal surface, namely, @24),

exposed111) area’ If we call 711y the cleantlll)-surface 4 fived and convergekk-point density, as indicated in Table
energy per atom and neglect step-step interactions we fingy - again, here, relaxation affects strongly the SFE, which
for the (100-faceted step, decreases very markedly — from 0.64 to 0.38 eV for a five-
SE N layer slab in the LDA. However, increasing the thickness
Efloo=vic— (N— 3)011y), (2 from five to seven layers brings about no significant changes
and for the(111)-faceted step, in the SFE. '_I'hus, our best LDA-SFE value for ttElL1)-
faceted step is 0.380.02 eV(step atom
ESE = oy—(N= 2)or &) Our calculations indicate, therefore, that tié 1)-faceted
(119 Tvie ads el step has a lower formation energy than (h@0)-faceted step
whereN is the number of atoms per terrace, as defined eaI—O 38 versus 0.43 e\(in the LDA), leading to a ratio
lier. (111)/E(100) of 0.88+0.07. This is in excellent agreement
It is evident from Eqs(2) and(3) that, in order to deter- with the experimental value of 0.870.02# but at variance
mine reliably the SFE ratiovery accurate surface energies with a previous LDA calculation by Feibelmdnwho found
are required for both vicinal and clean surfaces. It is outthat the two steps are nearly equivalent, that is, 0.46 eV for
purpose here to assess carefully the accuracy of our calculéhe (111)-faceted step versus 0.47 eV for thE0O), i.e., a
tions through a detailed convergence study. As explainedatio of 0.98. The SFE values differ from Feibelman’s not
earlier, the error arising from the supercell geometry is mini-only in a relative sense, but also in an absolute sense: the
mized by always comparing surface and bulk energies obvalues we find are significantly smaller, by 0.08 &¥p
tained using the same in-plane periodicity dagoint den-  atom) for the (111)-faceted step and 0.04 ggtep aton for
sity. Of course, it is essential that the energies be convergetthe (100)-faceted step. Though the reasons for these differ-
with respect to Brillouin-zone integration; for the cledril) ences are not clear, they may originate in the choice of basis
surface, thek-point sampling scheme used here leads to valsets: while we use plane waves, Feibelman employs Gauss-
ues converged within 2 meV, as discussed in Sec. lll A. Fofan orbitals, which are more sensitive to the details of the
the vicinal surfaces, we used a similar sampling scheme andtomic configuration, as discussed in Ref. 7. In view of this,
as we will see below, the error is of the order of a few meV,it might perhaps be the case that a Gaussian basis set lacks
so that differences in enerdg.g., between stepsf a few  the accuracy needed to resolve such small energy differences
hundredths of an eVre significant. as those involved here.
The results for th€100)-faceted step under a variety of A value of 0.37 eV{step atom for the (111)-faceted SFE
theoretical conditions are listed in Table Il. First, we exam-has also been estimated from the experimental surface free-
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energy anisotropy between tli@10 and (111) surfaces? (a) (100)-faceted step
While this corresponds quite closely to our value of 0.38
eV/(step aton, the agreement is fortuitous since the above
result was obtained assuming a value of the surface energy of
0.097 eV/A2, much lower than that calculated here, 0.124
eV/AZ?. [Using the latter value for the surface energy would
lead to a(111)-faceted SFE 0.45 e\8tep atom in the ap-
proach of Ref. 43.

Recently, some concerns have been expressed regarding
the procedure used here to determine the surface energy,
which should diverge as the thickness of the slab
increase4>** We reinterpreted our results using the ap-
proach suggested in Ref. 44 and found only small changes in
the (111 surface energy, now 0.121 eV#Aather than 0.124
eV/AZ?; for the SFE, we obtain now 0.41 and 0.46 &iép
atom for the (111)- and (100-faceted steps, respectively,
compared to 0.38 and 0.43 d%tep atom using the usual (b) (111)-faceted step
approach. The SFE ratio remains approximately unchanged,
0.89 versus 0.88. We are thus led to conclude that, while the
uncertainty on the SFE might be of the order a 0.03 eV, the
value we find for the ratio is accurate to a few percent, and is
not affected by the numerical procedure used.

As mentioned in the previous section, the LDA seems to
provide a better description of bulk Pt, as well as of ¢h&l)
surface, than the GGA. In view of this, it is expected that the
vicinal surfaces are also better represented within the LDA.
The question remains open, however, because there exist no
firm experimental data to compare our results to, and it is,
therefore, of interest to calculate the SFE also within the
GGA. The results are given in Tables Il and Ill. We observe
the GGA-SFE to be systematically lower than the corre-
sponding LDA values, as is also true of thEll) surface
energy. Further, convergence with respect to both size and
k-point density is similar in the two approximations. We
therefore conclude to the GGA values of 0:29.02 and

+ - -
0.250.02 eVistep ator for the (100- and (111)-faceted for (a) the (100-faceted stepas obtained from thé€322) surfacd

steps, respectively. The resulting SFE ratio is 6:8610, and (b) the (111)-faceted stefjfrom the (221) surfacd. The filled

iSOS%r;tlally unchanged from the LDA value, namely, 0'883ymbols represent the middig1d) layer, which is fixed in its bulk-

. like position. The circles are in the plane of the sheet while the
In order to understand why the two steps have dlfferengquares are in a different plane, distant @, whered is the

formation energies, it is of interest to consider, first, thepearest-neighbor distance. The arrows indicate the periodicity of the
(111)- to (100-faceted SFE ratio in thenrelaxed(bulklike)  gypercell.
configuration. We find, from Tables Il and I, this ratio to be

equal to 1.03:0.07 (using the LDA, compared to about = _ .
0.88 for the relaxed configurations, as we have seen aboviis figure that the displacements associated to (ftid)-

Thus, before the atoms relax, the two steps are nearly equiviceted step are larger than for #1©0-faceted step, i.e., the
lent [with perhaps a slight preference for ttE00-faceted former can relieve stress more efficiently than the latter, and
step, as could be expected from a simple nearest—neighbdﬁ thus energetically more favorable. It should be mentioned
model as explained in the Introduction. Evidently, therefore that the displacements we find here differ from Feibelman’s
the observed step anisotropy is closely related to relaxatioy as much as 1% in some cases, and might possibly explain
A possible explanation for this difference is as follows: Asthe discrepancy between the two sets of results; this is likely
we have seen in Sec. Il A, the(®1L]) surface is under large related, again, to different choices of basis functions.

tensile stress, which can be locally relieved at steps. How- The relation between relaxation and stress can be under-
ever, because the atomic configurations are diffefalfieit  stood in a more quantitative manner by considering the
slightly) for the two kinds of steps, the relaxation patternschange in energy resulting from the displacement inwards of
also differ, and lead to different energetics. This can in facian edge atom, i.e., in the direction normal to the step and
be seen very clearly in Fig. 3, where we plot the displaceparallel to the terrace. Starting with both step models in their
ment patterns for the two types of steps: Some atoms suffdrulklike geometry and moving an edge atom by the same
very large displacements—by as much as a few perceramount for the two steps, we find that tfiel 1)-faceted step,
(relative to the bulk nearest-neighbor distanime those that  because of its triangular geometry, releases more energy than
sit closest to the steps. More important, it is also clear fronthe (100-faceted step: for a displacement of 0.14 A, corre-

FIG. 3. Side view of the supercell showing the relaxed geometry
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TABLE IV. Adatom diffusion barriefEy and difference in adsorption energies between fcc and hcp sites,
AE 4=EX—ENP, for Pt on Pt111) under various calculational conditions, as discussed in the text.

XC supercell allowed to relax k point grid Eq4 AE s
(eV) (eV)
LDA (2x2), three layer adatom only 4 0.47 0.22
LDA (2x2), three layer adatord top layer &4 0.41 0.26
LDA (2x2), four layer adatom only A4 0.41 0.10
LDA (2x2), four layer adatomt- top layer K4 0.34 0.17
GGA (2x2), four layer adatomt top layer X4 0.33 0.14
LDA (2% 2), four layer adatomt 2 top layers X4 0.36 0.17
LDA (2% 2), four layer adatomt top layer 55 0.35 0.17
LDA(50 Ry) (2% 2), four layer adatomt top layer X4 0.35
LDA (2x2), five layer adatomt top layer M4 0.33
LDA (2x2), six layer adatomt- top layer K4 0.35
LDA (3% 3), four layer adatomt top layer X3 0.33

sponding approximately to the observed relaxation, we findn their bulklike configuration, as is the case here, but did not
the (111)-faceted step to be already 22 meV lower in energyconsider relaxation’ Within equivalent-crystal theory,
than the(100-faceted step. Khare and Einstein found a ratio close to uni6/969 for

It is thus very likely that the difference in SFE arises from the SFE, without allowing in-plane relaxatidhalso, in this
the large excess surface stress of th@d Pl surface—0.25 approach, the surface energy is predicted to be 0.076 &V/A
eV/A? (cf. Table ), about twice as large as the surface en-quite a bit smaller than our 0.124 eV#AFully relaxed cal-
ergy, 0.124 eV/R. We may compare this with the corre- culations using the semiempirical embedded-atom method
sponding situation for Ir/[111), where the equilibrium is- (EAM) have also been performed and lead to a SFE ratio
land shape is nearly hexagordaln this case, the excess very close to it is, however, doubtful that the EAM po-
surface stress is 0.128 eV#&® significantly smaller than the tential is robust enough to account for the small energy dif-
surface energy, 0.204 eV/A Evidently, large surface ener- ferences involved here. Other approaches have been pro-
gies lead to large SFE, and large excess surface stressespmsed, based on coordination- or orientation-dependent
large differences between the two steps. Indeed, in a vergonds>>**which do not take relaxation effects into account.
recent experiment on (t11), Wang and Ehrlich found the We also list, in Tables Il and Ill, the work function for the
difference between the SFE to be 30 meV per edge atom idifferent surfaces examined. As expectsge for instance
favor of (111)-faceted step® This difference, when com- Ref. 59, and already observed by Feibelnfathe work
pared to our resultét least in the LDA, is smaller than that function is smaller for the vicinal surfaces than for {141
of Pt, in line with the smaller excess surface stress of Irsurface. We also observe, in the case of the0)-faceted
Since surface energies are larger on Ir than on Pt, we expestep, a small dependence on the the terrace length. This
the SFE ratio to much closer to one for Ir than for Pt. Theseagrees with Feibelman’s calculations, while a stronger de-
observations therefore suggest that, as a rule of thumb, thgendence is reported from experimé&hiThis might be due
SFE ratio should differ from Z1i.e., nonhexagonal equilib- to the fact that terraces studied in experiment are much wider
rium island shapewhen the excess surface stress is sizeablghan ours and/or surface contamination.
larger than the surface energy. This is in fact the case of
Al(111) (Ref. 46 and Au111),%® while the opposite is true
of Rh (Ref. 47 and Cu*® To our knowledge, no information
on the equilibrium island shape is available for Rh and Cu, We now discuss adsorption and diffusion of a Pt atom on
but we would predict it to be hexagonal in both cases. Fothe P{111) surface. For these calculations, an adatom is
Au, reconstructiof? is likely to be important in determining added on one surface of the Pt slab while the other surface is
the island shape. For Al, finallyb initio calculations of the constrained to its bulklike configuration. In order to deter-
kind presented here have been performed by Stumpf anghine the energies at the two adsorption sites as well as the
Scheffler® and a SFE ratio of 0.93 is indeed found. In this barrier for diffusion, we considered both aX2) and a (3
case, the ratio does not seem to be affected by relaxations3) cell with, again, approximately 10 A of vacuum. Un-
contrary to our results for Pt, but different electronic orbitalsless otherwise noted, the integration over reciprocal space
are involved—sp for Al and d for Pt. was performed using a mesh of 16 equidistirgoints for

There have been other calculations of the equilibrium isthe (2x2) cell and 9k points for the (3<3) cell.
land shape on Pt11). Using a tight-binding model, Papadia  First, starting with the (X 2) system, we examined con-
et al. found essentially no difference between the two stepsyergence with respect to the number of layers, which we

C. Atom adsorption and diffusion
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varied from 3 to 6. The results are given in Table IV. Weerror bar is large. Concerning the STM experiment, it has
observe significant changes upon going from 3 t¢fot a  been pointed out by the authors that small-cluster mobility
given state of relaxationwhile increasing this number fur- could affect the Monte Carlo estimate of the barrier if its
ther brings about changes of at most 0.01 eV; thus, fougnergy is close to that for adatom diffusion, in which case
layers seem to be sufficient for reliable estimates of both théhe quoted value would be a lower bound to the actual bar-
diffusion barrierE4 and the difference in adsorption ener- fier. As a final point, it should be mentioned that many dif-
gies, AE e fgrent. emplrlc_:al potentials have been used to _det(_armine the
The barrier we obtain for thenrelaxedsubstrate, 0.41 diffusion barrier of Pt adatoms on(®1.1),'***~*yielding to
eV, and the difference in adsorption energies, 0.10 eV, agre¢dlues in the range 0.01-0.18 eV, i.e., much lower than the
well with previous LDA calculation&°1t is, however, clear ©€Xperimental value, which we argue, is a lower bound to the

from Table IV that relaxation effects are again here impor-actual barrier. Thus, such models are clearly too crude to
tant: If we allow the topmost layer to relak decreases to provide a proper description of the energetics of diffusion for
0.34 eV andAE,4 increases to 0.17 eV; including second- the present system.
layer relaxation as well results in relatively minor changes to
the energiegless than 0.02 eV IV. SUMMARY
It should be noted that, because of the asymmetry be-
tween the two adsorption sites, there are in fact two barriers We have used highly accuraé initio methods to calcu-
for diffusion. However, the difference between the two bar-late the ratio of(111)- to (100-faceted step formation ener-
riers is such that, for temperatures of interest, it is thegies on the(111) surface of Pt. We find, in excellent agree-
highest-energy barrier that limits diffusion, i.e., the adatomment with experiment111)-faceted steps to be favored over
will escape rapidly from the low-energy adsorption state buf100) in a ratio of about 0.88; as a consequence, the island on
get trapped in the high-energy site. this surface should be clearly nonhexagonal. The difference
We have also examined convergence with respedt-to between the two steps is related to the large tensile stress of
point sampling, energy cutoff, and lateral size. As indicatedhe P{111) surface, which is released in a different manner
in Table IV, we find in all cases very modest changes of abecause of differences in the local topology. Our calculations
most 0.01 eV. Likewise, using the GGA does not lead tounderline the importance of relaxation in such cases: while
appreciable changes to the energy barrier, while,4,de-  the two steps are about equivalent for the unrelaxed sub-
creases by about 0.03 eV. For the reasons discussed in Sé§ate, relaxation does bring about large changes in the for-
Il A, we suspect that the LDA values are more accurate; oufnation energies. Likewise, relaxation is important to a
best, highly converged estimates Bf and AE,qsare thus ~ Proper determination of equilibrium-site energies on the flat
0.33+0.03 and 0.1Z 0.03 eV, respectively. As discussed in (111) surface. We find the fcc site to be preferred over the
Ref. 8, the large difference between the fcc and the hcp sitBCPp by a sizeable 0.17 eVafter full relaxation, consistent
is related to the angular character of ttieorbitals, whose With experiment which provides a lower bound of 0.06 eV
bonding strength depends on the filling and radial quantunior the difference between the two sites.
number of the bands. Due to this difference, the transition We have also calculated the energy barrier for adatom
site for ]ump diffusion does not |iexact|ymidway between diffusion and found a fU“y relaxed value of 0.33 eV. While
the two equilibrium sites but, rather, about 0.07 A towardsconstituting an improvement over previous calculations, this
the hcp site. The potential energy surface is however veryalue remains larger than experiment, by about 0.07 eV. The
flat in this region, changing by no more than 0.01 eV upondiscrepancy might be due to limitations of our theoretical
going from the transition to the midpoint site. approache.g., finite sizg but it might also be due to errors
There is very little experimental information available for in the interpretation of the experimental data—poor statis-
AE,q4 as mentioned in the Introduction, only a lower limit tics, neglect of small-cluster contributiotte.g., dimers to
of 0.06 eV has been determin&tand this is consistent with Mass transport, i.e., incorrect assumption regarding the criti-
our results. For the diffusion barrier, a value of %02 cal nucleus size. More experiments are needed to Clarify this
eV has been inferred from field-ion minOSCO@M) mea- pOint. LikeWise, it would be of interest that measurements of
surements in the temperature range 92—10d8 Kiso, based the SFE and difference in energy between fcc and hcp sites
on a comparison between STM measurements of the islarRe carried out so as to assess the validity of LQDu&rsus
density and kinetic Monte Carlo simulations between 110 KGGA) in the present context.
and 160 K, an estimate of 0.28.01 eV is obtained? Both
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