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Ordered phases of Na adsorbed on Pt„111…: Experiment and theory
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Using low-energy electron diffraction structural analysis and first-principles calculations based on the gen-
eralized gradient approximation we have investigated the (A33A3)R30°-Na and (232)-Na overlayers on
Pt~111!. In both phases the Na adatoms occupy hcp hollow sites. The measured and calculated adsorption
geometries agree quantitatively. We have also studied the possibility of substitutional adsorption at the cov-
erageQ51/4. The results are compared with other alkali adsorption systems, in particular K on Pt~111!.
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I. INTRODUCTION

Since alkali metals act as promoters in various catal
reactions, their adsorption has been investigated on a l
number of transition-metal surfaces. So far most studies h
concentrated on potassium due to its practical importanc
catalysis;1–3 for example, the ordered structures of K o
Pt~111! at coverages betweenQ50.17 andQ50.33 have
been recently resolved.4 A thorough understanding of th
chemical processes involved in heterogeneous catalysis
in particular promotion effects is, however, still lacking.
closer look at a series of alkali metal adsorption syste
might therefore give insight into the energetic and dynam
factors involved. A necessary prerequisite, however, is a
tailed knowledge of the geometric structure of such syste
On single-crystal metal surfaces their structures are mo
yet not always, characterized by ordered overlayers and
therefore accessible with conventional low-energy elect
diffraction ~LEED!. First-principles electronic structure ca
culations have also reached a high level of accuracy
reliability, and realistic system configurations are nowad
accessible.

In this paper we study two ordered phases of pure
adsorbed on Pt~111! and compare the structures with tho
previously obtained for K on the same surface, where
adsorbs in threefold hcp hollow sites.4 The adsorption phase
of Na on Pt~111! at 85 K have been characterized wi
LEED by Cousty and Riwan.5 At low coverages ring pattern
were formed, followed by a (232) structure atQ50.25, a
mixed phase of (232) and (A33A3)R30°, and a (A3
3A3)R30° phase atQ50.33~these coverage values assum
one Na adatom per unit cell!. At higher coverages incom
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mensurate rotated hexagonal structures were form
Schroeder and Hoelzl6 also observed the (232) structure at
270 K. Based on measurements with various~semiquantita-
tive! techniques Lehmannet al.7 have suggested that Na~and
K! incorporate partially into the Pt~111! surface below a cov-
erage ofQ50.22 without a measurable activation barrie
This adsorption site would mean that Pt-Pt bonds would h
to be broken in favor of Pt-Na bonds.

For our investigations we have employed a dynami
LEED structural analysis of Na adsorbed on Pt~111! in the
(232) and (A33A3)R30° phases at 100 K. These are com
pared to our first-principles calculations, based on the den
functional theory~DFT!, which give very similar surface ge
ometries.

II. LEED STRUCTURAL DETERMINATION

A. Sample preparation and LEED measurements

A 99.999% pure Pt crystal of dimensions 83832 mm
was cut and polished to within 0.5° of the~111! orientation.
The temperature was measured using a Ni/NiCr therm
couple and could be varied between 90 K and 1400
through resistive heating using a programmable power c
trol unit. To clean the surface several cycles of argon
bombardment and subsequent annealing to 800 K were
quired. Auger measurements showed that carbon was
main contaminant. Using these cleaning cycles contam
tion could be reduced until the ratio between the Auger a
plitudes from carbon at 272 eV and platinum at 64 eV w
431024. Na was deposited from a commercial SAES get
source~SAES Getters SpA! with the crystal held at 100 K.
The source was thoroughly outgassed prior to each exp
©2001 The American Physical Society06-1
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ment. Both the (A33A3)R30° and the (232) structures
were found to be stable for at least one hour at 100 K. A
sorption at room temperature or adsorption at 100 K a
subsequent annealing at 270 K gave essentially the sameI(V)
curves. All experiments were carried out at background p
sures below 10210 mbar. The LEED intensities were mea
sured using a Varian three-grid optics and a video LE
system ~AIDA ! from Vacuum Science Instruments. Th
LEED patterns from the clean surface as well as from
overlayer structures were characterized by sharp spots a
low background intensity. NineI(V) curves were taken fo
both the (232) and (A33A3)R30° Na overlayers in an
energy range of 40–50 eV to 400 eV. The curves are sho
in Figs. 1~a! and 1~b!, respectively, and compared to dynam
cal LEED calculations, with the step width for the expe
mental curves printed in a similar step width~4 eV! as for the
theoretical curves~5 eV!. The results for the clean surfac

FIG. 1. Experimental~thin lines! and calculated~thick lines!
best-fit I(V) curves obtained at 100 K at normal incidence from~a!
Pt~111!-(232)-Na and~b! Pt~111!-(A33A3)R30°-Na.
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which are in good agreement with other reports,8 have been
described in our previous paper.4

B. The LEED I „V… analysis

The LEED results were analyzed using a fully dynamic
multiple scattering code developed by Moritz.9 The program
uses the layer Korringa-Kohn-Rostoker and the ‘‘laye
doubling’’ method.10 For the Pt atomic potential, phase shif
derived from self-consistent band structure calculations w
used up tol 511. For Na the potential from Ref. 11 wa
used. To determine the adsorption structure a grid sea
involving the adsorbate position and the first two-layer d
tances was performed. The agreement between the calcu
and measuredI(V) curves was quantified by theRP ~Ref. 12!
and RDE ~Ref. 13! reliability factors. The following high-
symmetry geometries were considered in the analysis@Fig. 2
depicts some of them for the (232) structures#: the
threefold-hollow sites~hcp and fcc!, the bridge site and the
atop site. In addition, we tried a surface substitutional geo
etry similar to the one proposed14 for K and Na on Al~111!
and a structure with 1/3 substitutional Na in the first lay
and 2/3 on the surface in hcp sites statistically averaged
hollow site geometry clearly resulted in the smallestR fac-
tors. Both the hcp and fcc geometries for the (232) phase
were further refined, based on minimization ofRP, by con-
sidering a rumpling of the first substrate layer with two i
equivalent Pt surface atoms. A similar refinement for t
substitutional site in the (232) structure did not lower ther
factors significantly. We subsequently optimized the Deb
temperatures and simulated the anharmonic vibrational
tion of the Na atoms for both phases by using the method
split positions.15 The accuracy of the structure determinati
was estimated according to the variance method sugge
by Pendry~Ref. 12!: The variance is 0.057 for the (232)
and 0.037 for the (A33A3)R30° phase.

C. Geometry from the LEED analysis

In the ‘‘best-fit’’ structure for the (232) phase the Na
atoms are located in the hcp hollow site, with a bond len
of 2.8460.04 Å between the Na and the three neare
neighbor platinum surface atoms. The comparison betw
theory and experiment is shown in Fig. 1~a!, the best fit
structure itself in Fig. 3~a!. The Pt surface atoms that are th
nearest neighbors of the Na atoms are lowered compare
the other Pt surface atoms by 0.04 Å (z118). The average
first-interlayer spacing is expanded by 3.3% relative to
spacing at the unrelaxed surface, the second is equal to
bulk distance (61%), and the third-layer distance is ex
panded by 2.3%. In the optimized (A33A3)R30° structure
@Fig. 3~b!# the Na atoms are also adsorbed in hcp holl
sites, with a bond length of 2.8560.02 Å between the Na
and platinum atoms in the first layer. Figure 1~b! shows the
excellent agreement between theory and experiment.
platinum atom in the second layer below is at a distance
4.65 Å. The first layer spacing is expanded by (13.6
60.02)%. The second-layer distance is equal to the b
distance within the error margins of the experiments, and
6-2
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ORDERED PHASES OF Na ADSORBED ON Pt~111!: . . . PHYSICAL REVIEW B 63 075406
FIG. 2. ~Color! Models for the
(232) phase investigated in th
LEED I(V) analysis.

FIG. 3. ~Color! Geometry of
the best-fit structure model for th
Na/Pt~111! structures. Smaller
circles ~green, blue, and red! rep-
resent Pt atoms, large brow
circles correspond to Na atoms
The changes have been exagge
ated for better visibility, and the
experimental values, wheneve
available, are shown with red fon
below the theoretical values.~a!
Pt~111!-(232)-Na at the hcp site,
~b! Pt~111!-(A33A3)R30°-Na at
the hcp site, ~c! Pt~111!-
(232)-Na adsorbed at the subst
tutional site in the first layer, and
~d! Pt~111!-(232)-Na adsorbed
at the substitutional site in the sec
ond layer.
075406-3
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FIG. 4. ~Color! The induced electron density plot for the~a! isolated Na atom,~b! Pt~111!-(A33A3)R30°-Na at the hcp site,~c! Pt~111!-
(232)-Na at the hcp site,~d! Pt~111!-(232)-Na adsorbed substitutionally in the first layer,~e! Pt~111!-(232)-Na adsorbed substitutionall
in the second layer, and~f! Pt~111!-(232)-K at the hcp site. The densities are in units of electrons/Å3.
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third is expanded by 1.2% relative to the bulk layer distan
The LEED analysis shows that the possibility of there be
a significant fraction of substitutional Na adsorption is lo
This is not in contradiction to the report7 of Na being incor-
porated into the Pt~111! surface at a coverage ofQ50.22
since these authors observed a return of the Na to the su
at higher coverages.

Surface vibrations are usually accounted for in LEE
analyses by a variation of the surface Debye tempera
~and to a lesser extent by adjusting the imaginary part of
inner potential!. The Debye temperatureTD , however, only
accounts for isotropic vibrations, whereas adatoms on
faces vibrate anisotropically. It is in fact possible to det
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mine the anisotropic vibrational amplitudes with the sp
position approach:15 The vibrating Na atom is replaced b
three equivalent atoms of weight 1/3, each laterally displa
by r split from the mean position. Multiple scattering betwe
these split atoms is suppressed and the Debye temperatu
refined along with the split positions. The split positio
method increases the apparent Debye temperature beca
already accounts for part of the vibrations parallel to t
surface. Both the use of split positions and the refinemen
the first layer distances for the Pt substrate reduceRP by
about 25%, resulting in 0.18 and 0.32 for the (A3
3A3)R30° and the (232) structures, respectively. The co
responding best-fitRDE factors are 0.25 and 0.33, and th
of
‘‘split
TABLE I. RP factors for the different phases of Pt~111!-Na studied. Numbers in parentheses are those
the final refined model, incorporating the analysis of the first four Pt layers spacings and using the
position’’—method to take account of Na vibrations.

hcp fcc Bridge Atop Substitutional Mixed hcp–subst

(232) 0.42~0.32! 0.58 0.65 0.74 0.46 0.84
(A33A3)R30° 0.38 ~0.18! 0.72 0.60 0.64
6-4
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TABLE II. Structural parameters of the best-fit model, i.e., the hcp site, from the LEED analysis tog
with the geometry parameters from the GGA calculations. Values given in per cent relative to the
interlayer spacing.

(232) (A33A3)R30°
LEED GGA LEED GGA

Na-Pt bond length~Å! 2.8460.04 2.85 2.8560.02 2.84
Na-Pt layer separation~Å! 2.3360.03 2.31 2.3660.015 2.30
First Pt layer expansionDz12 ~%! 13.361.0 11.5 13.660.02 12.0
Second Pt layer expansionDz23 ~%! 10.061.0 20.5 10.660.5 20.1
Third Pt layer expansionDz34 ~%! 12.361.0 11.260.6
First-layer rumplingz118 ~Å! 0.0460.02 0.07
SodiumTD ~K! 230670 250630
PlatinumTD ~K! 302650 302650
dr vib,i

Na ~Å! 0.23 0.23
dr vib,'

Na ~Å! 0.12 0.12
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geometry of these best-fit models was inside the error m
gins for the one determined by the best-fit Pendryr factors.
The RP factors for both structures are given in Table I a
the final structural parameters in Table II. The calculated
and out-of-plane vibrational amplitudesdr vib for Na are
0.2360.12 Å and 0.1260.06 Å, respectively, for both struc
tures, and the isotropic Debye temperaturesTD are 230 K
@(232)# and 250 K@(A33A3)R30°#. These values for the
vibrational amplitudes are comparable to those found fo
on Rh~111! ~Ref. 16! and K on Pt~111! ~Ref. 4!.

III. DENSITY FUNCTIONAL CALCULATIONS

A. Calculational details

Our density functional calculations were perform
within a Car-Parrinello-like17 scheme using the generalize
gradient approximation~GGA! of Perdew, Burke, and Ern
zerhof ~PBE! ~Ref. 18! as the exchange-correlation term
the Kohn-Sham formalism. The orbitals were expanded
ing a plane wave basis up to the cutoff energy of 50 Ry a
the density and local part of the potential up to 190 R
Pseudopotentials were used to remove the sharp featur
the valence orbitals in the core region and to replace
action of the core electrons on the valence electrons.19 The
adsorption geometry was modeled with a slab geometry c
sisting of five layers of platinum separated with the equi
lent of 16 Å of vacuum to isolate the slabs. The adato
were placed only on one side of the slab and a dip
correction20 balanced the different asymptotic electrosta
potentials at the two sides of the slab. Two uppermost s
strate layers were allowed to relax in the case of adsorp
on the surface and three in the case of substitutional ads
tion. Ninek points in the irreducible wedge of the Brilloui
zone of the (131) supercell were used to approximate t
integrals over the first Brillouin zone, and they were cons
tently generated in the other unit cells using the generali
Cunningham point scheme.21 The integration was stabilize
with a Fermi function with a width of 0.1 eV. The resultin
lattice constant of bulk platinum was 4.021 Å, about 2.5
larger than the experimental value of 3.92 Å; such overe
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mation is typical for the generalized gradient approximatio
The cohesive energy of bcc Na was 1.079 eV, close to
experimental value~1.113 eV!.22 The outermost layer of the
clean Pt~111! surface relaxed outwards by11.2%, the sec-
ond layer inwards by20.5%, and the work function was 5.
eV.

In order to make a better comparison with the earl
results4 for K on Pt~111!, where the local density approxima
tion ~LDA ! was employed in the DFT calculations, we r
peated those calculations for the (A33A3)R30° K structure
using the same approach as in the present work. The pse
potential for potassium treated the 4s, 4p, and 3d orbitals in
the valence shell, andl 5p was used as the local componen
The geometry agreed excellently with the LDA result exce
for the outermost layer relaxationDz12, which was larger by
about 1% than in the experiments or using LDA; the orig
of this discrepancy is unclear to us. The difference in
adsorption energy of potassium between the hcp and fcc
was 10 meV and thus also negligible as in the case for
value 15 meV given by the LDA.

B. Geometry of the Na-covered Pt„111… surface

For both coverages studied the Na adatom prefers the
site over the fcc site with an energy preference of 10 and
meV in the (A33A3)R30° and (232) geometries, respec
tively. Other adsorption sites on the substrate were not inv
tigated. The structural parameters from LEED and from
density functional calculations are compared in Table II
the hcp site. In the (232) and the (A33A3)R30° structures
the Na atoms are separated from their Pt neighbors by 2.8
and 2.84 Å, respectively, and the Na adlayer to Pt top la
distance is 2.30 Å. These numbers are very close to
LEED result. The first and second Pt interlayer expansi
are 12.0% and20.1%, both of which are smaller than i
the LEED I(V) results; slightly too low values are consi
tently observed in all the structures studied here. Comp
mentary to the LEED analysis, which is not sensitive to ve
small shifts parallel to the surface, we have also allowed
an in-plane relaxation of the two topmost Pt layers. A late
6-5
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MORÉ, SEITSONEN, BERNDT, AND BRADSHAW PHYSICAL REVIEW B63 075406
in-plane expansion of 0.03 Å of the triangle of Pt atom
beneath the Na adsorbate was found. In the (232) phase the
Pt-Na distance of 2.85 Å remains almost the same as th
the (A33A3)R30° phase, again confirming the results of t
LEED analysis. This indicates a similar radius and ionic
of the Na adatom in the two structures, which correlates w
the fact that the measured change in the work function
almost the same at these two coverages.23 The height of the
Na adlayer above the nearest Pt surface atoms is 2.31 Å.
surface Pt atoms that are nearest neighbors of the Na
toms are lower relative to the other Pt surface atoms by 0
Å (z118). The in-plane expansion of the triangle of Pt atom
beneath Na is 0.02 Å from the lateral bulk positions.

C. Coverage dependence of the dipole moment
and the adsorption energy

At low coverages alkali-metal adsorbates usually re
each other, whereas in the high-coverage limit some alk
metal films have been found to condense.24 We have found
no condensation for Na adsorbed on Pt~111!. According to
our GGA calculations the Na adatoms repel each other u
the highest coverage studied here,Q50.33. At this coverage
the adsorption energy, defined as the total energy of the
sorbed system minus the total energy of the separate
strate and Na atom, is 2.36 eV; atQ50.25 the value is 2.48
eV. The dipole moment per Na adatom can be determi
from the calculated Na-induced work function change: T
work function is reduced from 5.71 eV for the clean Pt~111!
to 1.76 eV atQ50.25 and 1.72 eV atQ50.33. Using the
Helmholtz equation25 we obtain the dipole moments per N
adsorbate of 2.3 D and 1.8 D atQ50.25 andQ50.33, re-
spectively. The calculated work function changes are in g
agreement with the measured value of 3.9 eV at b
coverages.23,26 The differences in the binding energy an
change in the work function betweenQ50.25 and Q
50.33 are much smaller than in the case of potassium
cause the depolarization, which leads to the slight increas
the work function at higher coverages, occurs earlier for
larger potassium atom: The minimum in the work functi
for K/Pt~111! as a function of coverage is close toQK
50.25 and increases again asQ50.33 is approached, but fo
Na/Pt~111! the two coverages are at a similar distance
each side of the minimum.

D. Substitutional adsorption of the Na on Pt„111… surface

We have also studied the energetics and the geometr
substitutional adsorption of Na in the Pt~111! (232) cell,
both in the first~as analyzed with LEED above! and the
second layers. The geometry with the atom in the subs
tional sites is shown in the Figs. 3~c,d!. When adsorbed in
the the first layer the sodium atoms are 1.0 Åabovethe first
platinum layer, although by adsorbing nearer to the seco
layer atoms the effective coordination could have been
creased towards nine~six atoms in the first layer, three in th
second!. The distance to the second-layer platinum atom
3.6 Å, is larger than that to the nearest neighbors, 3.0 Å.
height of the platinum atoms in the outermost layer to
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second layer~2.26 Å! is contracted relative to the bulk dis
tance, despite the fact that at the clean surface~2.34 Å! the
layer distance is expanded. The platinum atoms in the sec
layer move laterally 0.03 Å towards the sodium. When t
sodium is adsorbed substitutionally in the second layer
large deviations from the parameters of the clean surf
occur. Only the platinum atom in the first layer furthest aw
from the sodium relaxes slightly inwards, and the sodium
located 0.06 Å higher than the platinum atoms in the sec
layer. Laterally the first-layer atoms have practically n
moved.

According to the our calculations the substitution of Na
the second layer is energetically less favorable by 0.18
compared to that in the first layer, although second-la
substitution was recently suggested for K on Pt~111!.7,27 The
adsorption energy for the subsurface site is 2.25 eV in
second layer and 2.43 eV in the first layer, and thus low
than that obtained from LDA calculations4 for K/Pt~111!,
although the latter were performed for the (A33A3)R30°
phase where the adsorbate-adsorbate repulsion is large
binds, however, in general more strongly on Pt~111! than Na,
yet part of the difference in the binding energy arises fro
the general tendency of LDA for ‘‘overbinding.’’

From GGA we obtain only 48 meV for the preference
Na to adsorb on the surface rather than in the substitutio
site, the latter being much less unfavorable than in the c
of K.4 In addition, if we were to take into account that th
binding energies presented here are calculated with respe
full, ordered overlayers, the substitutional adsorption at fr
tional coverage might still be possible. The repulsion due
dipole-dipole interaction is largely eliminated in the case
substitutional adsorption since the changes in work functi
21.57 and20.08 eV for substitutional adsorption in the fir
and second layers, respectively, are much smaller than t
for sodium adsorbed on the surface.

IV. DISCUSSION

A symmetric threefold adsorption site for alkali-metal a
sorption at coverages ofQ50.25 and higher has been ob
served for most adsorption systems investigated so far:28 Cs
on Rh~111!, Rb on Ag~111!, Rh~111!, Ru~0001!, K on
Ru~0001!, Rh~111!, Pt~111!, Na on Rh~111!, Ru~0001!, and
Li on Ru~0001!. A small rumpling of the first substrate laye
for the (232) phases has also been detected earlier.24,28

Table 2 in Ref. 28 gives the adsorption site of alkali ato
on several hexagonal substrates. As site preference dep
on different factors such as size of the alkali-metal at
compared to the substrate atom size, substrate bulk mo
and the strength of the substrate-substrate bonds compar
the adatom-substrate bonds, the energetic balance is c
plex. These parameters determine whether substitution o
sorption on the surface is energetically favored, and if
latter, whether hollow sites are preferred over on-top sites
general, the larger alkali-metal atoms seem to favor on-
sites compared to the lighter alkali-metal atoms, which te
to become incorporated more easily into the substrate.
adsorption sites of Na and K on Pt~111!, as determined in the
present studies, conform to these observations: In both c
6-6
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the hcp site is occupied in a similar way to Al~111!, Rh~111!,
and Ru~0001!.

We have studied the electronic structure of the adsor
phases by plotting in Fig. 4 the induced electron density,
the density change arising due to the adsorption of the
dium, defined by

nind~rW !5nNa/Pt~rW !2nPt~rW !. ~1!

nNa/Pt(rW) is the electron density in the adsorption structu
nPt(rW) the density with the sodium removed. A similar de
nition is used for potassium, except that the semicore st
3s and 3p have also been subtracted. The induced elec
density describes how the lowest binding energys electron
of the alkali metal is distributed at the surface, and how
substrate reacts to the presence of the adsorbed atom.

The induced densities for sodium adsorbed in differ
sites and coverages and potassium at the hcp site in th
32) structure are shown in Fig. 4~c–f!. From inspection it is
obvious that platinum atoms experience a strong polariza
whendz2 orbitals are filled anddxz,yz orbitals emptied, which
is very similar to Cs adsorption on Ru~0001!.29 For the latter
case, the polarization has been shown to arise from the e
tric field due to the alkali metal. Moreover, a nonspheri
distribution of the density around the alkali-metal atom
observed, which is stronger at the lower coverage. T
points to a hybridization or even a charge transfer mec
nism for the alkali-metal–substrate bonding. The sodium
potassium affect the surface charge in a similar way but
change is slightly larger for potassium, in accordance w
the lower electronegativity of potassium compared to
dium. A major difference in the induced densities is t
strong polarization of the 3s and 3p orbitals of potassium,
leading even to a reduction of the electron density just be
the nucleus of the alkali-metal atom. We are currently us
an all-electron method to investigate whether the polariza
is an artifact of the pseudopotential approach employed h
or a real effect.

In the case of substitutional adsorption of sodium in
first substrate layer the magnitude of the induced charg
smaller than that for the structures with the sodium on
surface. The polarization of the electronic charge at the fi
layer platinum atoms is, however, similar. When the sodi
replaces a platinum atom in the second layer, the distribu
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of the induced charge is, as expected, much more sphe
and localized since the coordination of Na is now twelve

The major difference between K and Na is the stron
interaction of the lighter alkali metal with the substrate s
face that manifests itself in a larger expansion of the Pt l
ers close to the surface, being11.0% in the case of K and
about13.5% for Na/Pt~111!. Similar observations have bee
made qualitatively for Na and K on Au~111! with scanning
tunneling microscopy.30

Two general features are of interest here, namely,
electronegativity and size of the each adatom. The electro
gativities of Na and K are 0.93 and 0.82~Pauling!, respec-
tively. Na also has one electron shell less, shielding
charge of the nucleus than K; it is therefore ‘‘harder’’ tha
the larger alkali metal and exhibits a stronger ability to p
larize. Polarization of the substrate may cause a widenin
the first substrate layer separations since the first layers
sequently repulse each other.31 Additionally the smaller size
of the Na prevents the formation of a metallic bond betwe
the adsorbed Na atoms, which would have a depolariz
effect on the Na-Pt bonds. This in turn would also lead to
stronger interaction of the smaller alkali metal with the su
strate. Figure 4 shows the corresponding charge density p
for both systems.

V. CONCLUSIONS

Na adsorbs in the hcp hollow site in both the (232) and
the (A33A3)R30° phases on Pt~111!. The energy difference
between the hcp site and the fcc site is small~10 meV!. The
geometrical parameters for the two phases determined i
pendently with LEED structure analysis and GGA calcu
tions agree well. On the basis of LEED results we find th
the substitutional adsorption of a large fraction of the Na
the surface is unlikely. However, the GGA calculations su
gest that it might well be feasible and possibly even favo
at low coverages.
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