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An inconsistency is pointed out in adsorption energy values for O diffusion on Pt~111! in three recent
studies:~A! the scanning tunneling microscope~STM!-deduced value of 0.43 eV for the diffusion barrier@J.
Wintterlin, R. Schuster, and G. Ertl, Phys. Rev. Lett.77, 123 ~1996!#; ~B! the calculated fcc-hcp adsorption-
energy difference@P. J. Fiebelman, E. Stefanie, and M. Thomas,ibid. 77, 2257 ~1997!#; and ~C! the STM-
identified metastability of O in hcp sites@B. C. Stipeet al., ibid. 78, 4410 ~1997!#. Using accurate first-
principles density-functional methods we obtain full agreement with~B! and~C! and a diffusion barrier of 0.58
eV, consistent with a reinterpretation of the raw data in~A!. We further report on oxygen-induced surface
buckling. @S0163-1829~98!51908-X#

Oxygen adsorption on platinum surfaces is one of the cen-
tral model systems of surface physics. Data of an impressive
accuracy are accumulating, and a comprehensive and quan-
titative picture is developing. Here an inconsistency among
some key data from three recent studies is pointed out, and
first-principles electron-structure calculations are shown to
be accurate enough to provide a resolution of it.

The O/Pt system plays a key role in numerous technologi-
cally important catalytic reactions, such as oxidation of CO
and hydrocarbons in the catalytic treatment of automotive
exhaust gases.1–6 The mechanisms and detailed descriptions
of these reactions have been shown to sometimes crucially
depend on oxygen diffusion.7 As an example, oxygen has
been reported to be rate limiting in a later stage of H2O
formation from O and H via OH on Pt.8 Furthermore, oxygen
has been found to facilitate smooth layer-by-layer growth in
Pt~111! homoepitaxy by acting as a surfactant floating on top
of the growing Pt layers.9 The diffusivity of oxygen is also
important in discussions regarding the existence of ‘‘hot’’
atoms with transient mobility upon O2 dissociation.10–12

One of the three studies~A! utilizes the scanning tunnel-
ing microscope~STM!. Inspired by Harris and Kasemo,11

Wintterlin and co-workers have confirmed previous claims
of the existence of hot atoms in the course of O2 dissociation
on Pt~111!.10,12They also have determined a valueEd.0.43
eV for the O/Pt~111! diffusion barrier that does not coincide
with the one from earlier measurements by Lewis and
Gomer.13 In addition, they have deduced an anomalously low
prefactor.10

The second study~B! is theoretical. Using a parallel linear
combination of atomic orbitals implementation of the local-
density approximation~LDA !, Feibelman Stefanie, and
Thomas14 have calculated the oxygen binding energy differ-
ence between the hcp and fcc sites on the Pt~111! surface.
They find it to beDEfcc/hcp.0.4 eV ~LDA !. When diffusing
on the Pt~111! surface, the oxygen atom must pass both hcp
and fcc sites. This fact requires thatEd is larger than the
difference in chemisorption energies of oxygen in the fcc and
hcp sites~see Fig. 1!.

The two observations might give the conclusion that the
hcp site is extremely shallow with an activation barrier of
only ;0.03 eV for the diffusion to an fcc site. Such a barrier

would be of the order of the expected zero-point vibration
energy~actually smaller than the calculated\v, see below!,
rendering the hcp site totally unstable. However, this is very
explicitly contradicted by the third study that we consider
~C!, involving recent STM measurements by Stipe and co-
workers, primarily aimed at the possibility of STM-induced
O2 dissociation on Pt~111!.15 In this study oxygen atoms are
identified in hcp sites as metastable at 50 K. Using simple
transition-state theory,n5n0e2E/kBT, and estimating the ra-
tio of STM scanning rate to attempt frequency to be
10212– 10213, we deduce from this a lower bound for the
hcp-fcc barrier of 0.12–0.13 eV. This strongly indicates that
either the fcc-hcp diffusion-barrier value of paper A is too
low or the calculated fcc-hcp energy-difference value of pa-
per B is too large~see Fig. 1!.

We have performed first-principles calculations based on
density-functional theory to study the adsorption and diffu-
sion of atomic oxygen on Pt~111!. Thanks to recent progress
in functionals, algorithms, and computers, this very useful
tool16–18 now makes it possible to calculate, e.g., six-
dimensional potential-energy surfaces~PES! of such di-

FIG. 1. Schematic illustration of the total energy for an oxygen
atom diffusing on Pt~111!. TheQ coordinate indicates the diffusion
path shown in the inset from the fcc site~f! to the hcp site~h!.
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atomic molecules as CO or O2 interacting with a transition
metal surface.19–21Values for adsorption energies and diffu-
sion barriers for this system are presented and compared to
existing data. The ability of the calculations to reproduce the
experimental parameters of surface buckling, as well as work
functions, vibrational frequencies, and other quantities, con-
stitutes a reference frame for the precision in the calculated
results.

We use density-functional theory~DFT!,22,23 applying
both the local-density~LDA !,24 and the generalized-gradient
approximations~GGA!,25 for the exchange-correlation func-
tional. The LDA calculations are performed self-
consistently, whereas the semilocal exchange-correlation
corrections of the GGA are calculated from LDA densities,
so-called post-GGA. Extensive self-consistent calculations
within the GGA have shown this to be an excellent approxi-
mation due to the variational property of the total energy
functional.25,26 The ab initio pseudopotential is generated
within the LDA. As the adsorption properties of the surface
are not expected to depend critically on the Pt core levels,
which are the ones most affected by nonlocal exchange-
correlation effects, we use this potential in the GGA study, as
well. The use of LDA ionic coordinates in GGA calculations
is also known to be a good approximation.26 The Kohn-Sham
equations are solved by alternating conjugate gradient mini-
mizations and subspace rotations. We also use the density
mix scheme of Kresse.27 The occupation numbers are up-
dated using a recently developed technique that is based on a
minimization of the free energy functional.28 To stabilize the
k-point summation, the electronic temperature is set to 0.1
eV and the energy is extrapolated to zero temperature in a
standard manner.29

The supercell is made up of 4 Pt~111! layers and 4 layers
of vacuum (.9 Å!. The two topmost layers are fully relaxed
using a damped molecular dynamics method, whereas the

two bottom layers are kept fixed at fcc bulk positions. The
oxygen atom is adsorbed so that the repeated cell forms the
experimentally established30 p(232) ordered overlayer on
one side of the slab31 ~4 Pt atoms per layer!. The oxygen
atom and the Pt atoms are described by the soft pseudopo-
tentials of Troullier and Martins.32 The same pseudopoten-
tials have previously been successfully used in determining
the structure ofk-Al2O3.

33 The wave functions are expanded
in plane waves with a kinetic energy cutoff of 650 eV, the
high value required by oxygen.33 The lattice constant for Pt
is within LDA found to be 3.93 Å~650 eV cutoff!, which is
~unexpectedly according to traditional LDA wisdom! slightly
larger than the measured value 3.91 Å. The surface Brillouin
zone is sampled at 6/18/54 special k-points.34 Calculations
with two additional layers of Pt~111! ~two layers kept fixed
and four allowed to relax! induce a change of only about 10
meV to the diffusion barrier. The results are summarized in
Tables I and II. The work function is denotedF, and the
adsorbate-induced work function changeDF.31

Results on the surface relaxation of Pt~111! when oxygen
atoms are adsorbed in a (232) overlayer in fcc sites have
been reported by Starkeet al..30 The surface buckling and
other relaxation effects are in detail reproduced by our cal-
culations. We also find a similar buckling behavior for oxy-
gen adsorbed in hcp and bridge sites. The results are illus-
trated in Fig. 2 and summarized in Table II. The height of the

TABLE I. Calculated adsorption energetics of atomic oxygen on
Pt~111!. The static diffusion barrier (bri* ) is calculated when the
surface is relaxed according to fcc adsorption but the oxygen atom
is placed in the bridge site. The number of k-points is denotednkp

and the number of Pt~111! layersnl . The adsorption energiesELDA

andEGGA are given in reference to fcc occupation~for chemisorp-
tion energies, see the main text!. All values are stated in eV.

nkp nl site ELDA EGGA F DF

6 4 fcc 0.00 0.00 6.16 20.03
4 hcp 0.51 0.48 6.13 20.09
4 bri 0.68 0.59 6.16 20.38

18 4 fcc 0.00 0.00 6.01 20.12
4 hcp 0.44 0.44 6.03 20.08
4 bri 0.70 0.60 6.03 20.49
4 bri* 0.80 0.69 6.04 20.45

54 4 fcc 0.00 0.00 6.04 20.11
4 hcp 0.45 0.45 6.04 20.09
4 bri 0.68 0.58 6.05 20.47

18 6 fcc 0.00 0.00 6.02 20.12
6 hcp 0.45 0.45 6.02 20.08
6 bri 0.66 0.56 6.03 20.47

TABLE II. Calculated binding parameters and surface relax-
ation for O on Pt~111!. The parameterd01 is the distance between
the oxygen atom and the center of mass~CM! of the topmost
Pt~111! layer. Similarly,d12 is the distance between the CM of the
first and second Pt layer, and so on. The four parametersb1 , b2 ,
c1 , andc2 indicate the amount of surface buckling, while the sixD
anda values (a1b , a2b are always zero! denote the in-plane total
lateral displacements and rotations of the radially expanding Pt at-
oms as seen from the oxygen atom~see Fig. 2!. Since the relaxation
parameters are very robust with respect to k-point sampling and
system size, we choose to save some space by presenting them as
averages~using thenl54, nkp518, 54 andnl56, nkp518 results!.
All distances are given in Å.

fcc ~calc.! fcc ~expt.a) hcp bri

d01 1.20 1.1860.02 1.24 1.43
d12 2.29 2.2960.03 2.31 2.29
d23 2.26 2.2660.05 2.26 2.26
b1 20.13 20.0760.03 0.00 20.14
c1 0.00 0.00 20.12 20.09
b2 0.11 0.0960.10 0.00 0.09
c2 0.00 0.00 20.01 0.00
D1c 0.06 0.0760.1 0.00 0.09
D1a 0.06 0.0760.1 0.04 0.13
D1b 0 0 0.04 0.10
D2c 0.01 0.0960.1 0.00 0.01
D2a 0.01 0.0960.1 0.01 0.02
D2b 0 0 0.01 0.01
a1c 0° 2.365° 0° 0°
a1a 0° 2.365° 0.0° 4.9°
a2c 0° 3.065° 0° 0°
a2a 0° 3.065° 0.3° 0.3°

aReference@30#.
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R4290 57BOGICEVIC, STRÖMQUIST, AND LUNDQVIST



oxygen atom above the surface has been measured experi-
mentally, yielding values of 0.8560.06 Å,35 and 1.20 Å.30

We get 1.20 Å, in agreement with the most recent measure-
ment.

In order to get a reasonable value for the chemisorption
energy,Echem, it is necessary to perform a spin-polarized
calculation of the oxygen atom alone in the same cell using
18 k-point sampling and a similar calculation of the clean Pt
slab. The binding parameters of oxygen within the LDA and
GGA approximations are presented in Table II. The calcu-
latedEchem

calc 55.18~LDA ! and 4.13 eV~GGA! correlates well
with the latest experimentally obtained valuesEchem

expt 54.8 eV
~low coverage!, 4.5 eV for a coverage of 0.25 ML, which is
the coverage of our calculations, and 3.8 eV~high coverage!
by Parker, Bartram, and Koel.36 Parker, Bartram, and Koel
have also measured the work-function changeDF50.2
eV,36 of the same magnitude as the calculatedDF50.1 eV.
The work function for clean Pt~111! is calculated to beF
56.0 eV, in good agreement with the experimental value of
5.8 eV.37

The barrier for oxygen diffusion on Pt~111! was first mea-
sured by Lewis and Gomer13 some thirty years ago, using
field emission microscopy, and reporting an activation en-
ergy of 1.2–1.5 eV. The Wintterlin, Schuster, and Ertl study
of oxygen diffusion with STM was performed at a surface
temperature of around 200 K. They have deduced an
activation-barrier value ofEd.0.4360.04 eV, and a preex-
ponential factor ofD0.1026.361.0 cm2/s.10 The barrier dif-

ference between these two experiments is attributed to the
incompatibility between random walk and macroscopic dif-
fusion measurements.10

Our results for the diffusion-path energetics are plotted in
Fig. 1. The calculations yieldDEfcc/hcp50.45 eV within both
LDA and GGA, in good agreement with the calculations by
Feibelman, Stefanie, and Thomas.14 The diffusion barrier
from the fcc to hcp site is similarlyEd50.58~0.68! eV using
GGA ~LDA !,38 which is a reasonable value in perspective of
the discussion above. The hcp site is less stable than the fcc
site and presents an activation barrier of about 0.13 eV~0.21
eV within LDA! for diffusion to the fcc site. These results in
several ways indicate that the diffusion barrier as measured
by Wintterlin, Schuster, and Ertl is too low.

We notice that the difference of about 0.10 eV between
LDA and GGA diffusion barriers stems from a lowering of
Ebri by the same amount of energy within GGA~see Table I!.
This is understood by the fact that the mutual agreement
between LDA and GGA is better in high density zones~fcc
and hcp sites! than in regions of low electron density, such as
the bridge site, where GGA is expected to do better. We refer
to Ref. 26 for an illuminating discussion on this issue.

The calculations on surface relaxation show that as the
oxygen atom moves from the lowest energy fcc site over the
bridge and into the hcp site, the surface atoms reconstruct to
lower the total energy. By placing the oxygen atom in the
bridge site, yet maintaining the relaxed structure of oxygen
in the fcc site, an estimate of the importance of surface re-
laxation for the diffusion barrier is obtained. The result is a
0.10 eV higher adsorption energy compared to when the Pt
atoms are allowed to relax. By quickly moving to accommo-
date the diffusing oxygen atom, the Pt atoms thus lower the
diffusion barrier by about 0.1 eV~Table I!.

The perpendicular vibrational frequency of oxygen in the
fcc site within the harmonic approximation is calculated to
be \v'559 meV, in agreement with measurements@59
meV,39 58 meV~Ref. 36!#. Similarly, the vibration frequency
in the diffusion direction turns out to be\v i560 meV, im-
plying a diffusion prefactor ofD0.1023.0 cm2/s, which falls
into the expected range. For the bridge site, the perpendicular
vibrational frequency is calculated to be\v'567 meV,
again within the harmonic approximation, and the in-plane
vibrational frequency orthogonal to the diffusion direction
~Fig. 1! \v* 556 meV. For temperatures below;350 K, at
which oxygen forms the well orderedp(232) overlayer and
oxygen diffusion is relevant, these zero-point vibrations
bring down the fcc-hcp diffusion barrier by about 30 meV.

The prefactor measured by Wintterlin, Schuster, and Ertl
is thus three orders of magnitude lower than the calculated
valueD051023.0 cm2/s, which is a typical result for hopping
diffusion. This fact, together with the indications of too low
a barrier in this experiment, leads us to reexamine the data by
Wintterlin, Schuster, and Ertl. We notice that the fit is based
on data taken in a narrow temperature range of 191–205 K,
and therefore~as noted by the authors! prone to large error
bars; in fact, the reported value ofEd is not the main focus in
paper A. Having calculated the diffusion prefactor, we use
this value to perform a one-parameter fit to the raw diffusion
data~paper A!. This naturally results in a poorer fit, which
however still falls within the error bars of all but two low-
temperature points, and that yieldsEd50.56 eV. This value

FIG. 2. Schematic display of the surface relaxation for the
p(232)-O/Pt(111) system with oxygen adsorbed in fcc and hcp
sites. The buckling seen in the side views is somewhat exaggerated
for illustration purposes. The distance between the oxygen atom and
the first Pt layer (d01) and the interlayer spacings (d12 andd23) are
measured between center-of-mass planes~solid lines!. The buckling
amplitudes are given byb1 , b2 , c1 , andc2 ~dashed lines!. The top
view illustrates the adsorption geometry. The three Pt atoms just
underneath the oxygen atom expand radially outwards, with a ten-
dency towards in-plane rotation in the hcp site. This effect is am-
plified when the oxygen is in the bridge site~not shown!, and a
relaxation intermediate between the ones seen for fcc and hcp ad-
sorption is found. Table II summarizes the relaxation effects for all
three cases. See also Fig. 2 in Ref. 30 for comparison.
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agrees much better with our calculations (Ed50.55 eV with
zero-point vibrations taken into account!, and resolves the
adsorption discrepancy outlined above. We note, however,
that the temperature regime is just too narrow and the data
of insufficient accuracy to allow for more detailed compari-
sons.

In summary, we have presented density-functional calcu-
lations on the chemisorption and diffusion barrier of oxygen
on Pt~111! that provide results accurate enough to resolve an
important issue. The calculated energy barrier is somewhat
higher than recently measured in an STM experiment. With
other experiments and calculations supporting the present
calculations, we reexamine the raw diffusion data and are

able to reconcile all findings by lifting the diffusion prefactor
to a more common level.
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