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Density-functional study of the adsorption of K on the Ag„111… surface

K. Doll
Institut für Mathematische Physik, TU Braunschweig, Mendelssohnstraße 3, D-38106 Braunschweig
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Full-potential gradient corrected density-functional calculations of the adsorption of potassium on the
Ag~111! surface have been performed. The considered structures are Ag(111)(A33A3)R30°-K and
Ag(111)(232)-K. For the lower coverage, fcc, hcp, and bridge site, and for the higher coverage all consid-
ered sites are practically degenerate. Substrate rumpling is most important for the top adsorption site. The bond
length is found to be nearly identical for the two coverages, in agreement with recent experiments. Results
from Mulliken populations, bond lengths, core-level shifts and work functions consistently indicate a small
charge transfer from the potassium atom to the substrate, which is slightly larger for the lower coverage.

DOI: 10.1103/PhysRevB.66.155421 PACS number~s!: 82.65.1r, 68.43.2h
o
ex
on
e

su
t

et
le
y
om
v

v

p
th
fo
e

.

ur
d-

o
h

an

lt

s

ed,
r,

e of
n

ing,
osi-

sis
s as

in

ge-
in

or-

ve
t
this

his

the
la-
he
fer-
as

as

er
he
nt
ced
I. INTRODUCTION

The study of adsorbates on metal surfaces has becom
center of interest in surface science because of the enorm
importance of catalysis for industrial applications. These
perimental studies can be complemented with simulati
which are nowadays a powerful tool for the theoretical d
scription of surface structures and chemical reactions at
faces, because of the growth in computational power and
success of density-functional calculations.

One prototypical reaction is the adsorption of alkali m
als on metallic surfaces. Although this is a relatively simp
reaction, there have been several surprises in the stud
these systems. Initially, it was assumed that the adat
would occupy hollow sites, until a first system was disco
ered where top site adsorption was preferred.1 Meanwhile,
further systems of alkali metals with top site adsorption ha
been found—typically heavier alkali atoms~from K on! on
close-packed surfaces~for reviews, see, e.g., Refs. 2–7!. One
important finding was that top site adsorption was accom
nied by substrate rumpling and thus it was assumed
substrates with a low bulk modulus would be prominent
top site adsorption. It was therefore a bit of a surprise wh
in a low-energy electron-diffraction~LEED! study of K on
Ag~111! it was discovered that hollow sites were occupied8,9

The type of hollow site occupied in the system K/Ag~111!
depends on the coverage: in the low coverage struct
@(232) and (333)], the adatoms occupy face-centere
cubic ~fcc! hollow sites, and in the (A33A3)R30° structure
the hexagonal-close-packed~hcp! hollow sites.8,9 In addition,
the phase diagram of K, Rb, and Cs adsorbed on Ag~111!
was investigated experimentally.10

There have been several simulations of alkali metals
close-packed metallic surfaces: for example, systems suc
Na and K on the Al~111! surface,11 Na on the Cu~111!
surface,12 K on the Pt~111! surface,13 and K on Cu~111! ~Ref.
14! have been studied. The system K/Ag~111! is therefore a
very interesting system due to the experimental findings
as an extension of the employed technology~Sec. II! to sub-
strates of the second row of the transition metals.

It is therefore the aim of this paper to summarize resu
from simulations on the system K/Ag~111!. Full-potential
density-functional calculations with a local Gaussian ba
0163-1829/2002/66~15!/155421~9!/$20.00 66 1554
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set and with a gradient corrected functional were perform
for two coverages@one-third or one-fourth of a monolaye
for a (A33A3)R30° or (232) pattern#. The addressed
questions are the preferred adsorption sites, the magnitud
the energy splitting of different highly symmetric adsorptio
sites, the geometry and the importance of surface rumpl
the charge of the adsorbate, the work function, and the p
tions of the K core levels.

II. COMPUTATIONAL PARAMETERS

A local basis set formalism was used where the ba
functions are Gaussian-type orbitals centered at the atom
implemented in the codeCRYSTAL.15 For Ag, a relativistic
small-core pseudopotential~with 28 electrons in the core! in
combination with a@4s3p2d# basis set was employed as
a previous study of Cl on Ag~111!.16 The @5s4p1d# K all-
electron basis from Ref. 14 was chosen. The exchan
correlation potential was fitted with auxiliary basis sets as
previous work.14,16The gradient corrected exchange and c
relation functional of Perdew, Burke, and Ernzerhof17 ~PBE!
was used.

The adsorption was modeled by using slabs of four or fi
silver layers, at the PBE-optimized bulk Ag lattice constan16

of a054.10 Å. Potassium was adsorbed on one side of
slab. A supercell approach with a (A33A3)R30° or (2
32) structure as in the experiment was implemented. T
slab was truly two dimensional and thusnot periodically
repeated in the third dimension. The vertical relaxation of
silver atoms was simulated in three different ways: simu
tions were performed where only a uniform relaxation of t
top silver layer was possible, and simulations where a dif
ent vertical relaxation of the silver atoms in the top layer w
possible~i.e., substrate rumpling!. Finally, an additional lat-
eral displacement of the atoms in the top silver layer,
observed experimentally for K/Ni~111!,18 was simulated.

Four adsorption sites were considered~see Figs. 1 and 2!:
the top adsorption site with K sitting vertically above a silv
atom in the top layer, the bridge site with K sitting above t
middle of two silver atoms in the top layer, and two differe
threefold hollow sites where the potassium atoms are pla
vertically above a silver atom in the second~third! silver
layer ~hcp and fcc hollow, respectively!. In addition, the pos-
©2002 The American Physical Society21-1



re
cp

s
th
ta

om

s:
to

ic

first
nd
d
of

he
e
lver
ane
ve
os-
g

l-
e

ero
-
ns

s
d

e
ith

is
is

rob-
on
ve

ch
em-
en

uss-
e a
ore
tion
ten-

can

ys-
d.

th
h
is-
si

l
e

th
h
by
e

.

es

e of

K. DOLL PHYSICAL REVIEW B 66, 155421 ~2002!
sibility of a stacking fault was investigated. In this structu
the outermost Ag layer and the K layer would occupy h
sites. Such a stacking fault was observed,19 for example, for
the system Ag~111! (A33A3)R30°-Sb.

The optimized geometrical parameters are defined a
Fig. 3. The variables are chosen in such a way so that
notation is consistent with those from the experimen
references.8,9 The bond length is defined as the distance fr
a potassium adatom to the nearest silver atom.dK2Ag1 ,
dAg12Ag2 , dAg22Ag3, andd1 are various interlayer distance
dK2Ag1 is the vertical distance from the potassium layer
the plane made of the atoms in the first silver layer wh

FIG. 1. The structures considered for K, adsorbed on
Ag~111! surface, at a coverage of one-third of a monolayer, wit
(A33A3)R30° unit cell. The silver atoms in the top layer are d
played by open circles. The considered potassium adsorption
are the top site above the silver atoms with number 1~filled circles!,
the threefold hollow sites above atoms 1–3~fcc or hcp hollow,
possibly with stacking fault, circles with horizontal lines!, or the
bridge site above atoms 2 and 3~circles with horizontal and vertica
lines!. Note that the threefold hollow sites cannot be distinguish
in this figure.

FIG. 2. The structures considered for K, adsorbed on
Ag~111! surface, at a coverage of one-fourth of a monolayer, wit
(232) unit cell. The silver atoms in the top layer are displayed
open circles. The considered potassium adsorption sites are th
site above the silver atoms with number 1~filled circles!, the three-
fold hollow sites above atoms 2–4~fcc or hcp hollow, possibly with
stacking fault, circles with horizontal lines!, or the bridge site above
atoms 3 and 4~circles with horizontal and vertical lines!. Note that
the threefold hollow sites cannot be distinguished in this figure
15542
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have moved towards the potassium layer.dAg12Ag2 is the
distance between the plane made of the atoms in the
layer which have moved towards the second Ag layer, a
the second Ag layer.dAg22Ag3, the distance between secon
and third layer silver atoms, was kept fixed at the value
4.10/A3 Å corresponding to the distance of two layers in t
bulk (a0 /A3). Finally, d1 is the rumpling, i.e., the distanc
between the plane made of those atoms in the first si
layer which have moved towards the K atoms and the pl
made of those atoms in the first silver layer which ha
moved towards the second silver layer. Additionally, the p
sibility of a lateral displacement of the atoms in the top A
layer was taken into account~for a more detailed description
of the lateral displacement, see Sec. III!.

A net with 16316 sampling points in the surface Bri
louin zone was used.20 During the optimization process, th
Fermi function was smeared with a temperature of 0.03Eh
(1Eh527.2114 eV) and the total energy extrapolated to z
temperature.21 To ensure the stability of the results with re
spect to this parameter, additional single-point calculatio
with a smearing temperature of 0.005Eh were performed~see
also the Appendix!. Also, the results for properties such a
Mulliken population, work function, etc. were compute
with a smearing of 0.005Eh . For an extensive test of th
various computational parameters for metallic systems w
the CRYSTAL code, see also Ref. 22.

The unit cells which are used in the simulations for th
paper are at the limit of what is presently feasible with th
method. This local basis set approach is thus for metals p
ably more expensive than alternative approaches relying
plane-wave technologies. However, it is interesting to ha
the possibility of comparing various strategies whi
complement each other. One advantage of the method
ployed here is that concepts such as computing Mullik
charges are easily implemented in a code relying on Ga
ian basis sets. Also, all-electron calculations do not pos
problem, and although in the present work a small-c
pseudopotential was used for Ag, an all-electron descrip
would also have been possible. The usage of a pseudopo
tial has the advantage that scalar-relativistic corrections
be included.

III. RESULTS AND DISCUSSION

Ag„111… „A3ÃA3…R30°-K

In this section, the results of the calculations on the s
tem Ag~111! (A33A3)R30°-K are presented and discusse
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a
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d

e
a

top

FIG. 3. Definition of the geometrical parameters. All distanc
are interlayer distances~for definition, see text!. Note that in all the
figures, the atoms are drawn purely schematically and the siz
the atoms does not scale with the atomic radii.
1-2
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TABLE I. Adsorption of K on the Ag~111! surface, with the (A33A3)R30° pattern. The adsorption energyEads is the difference
EK/Ag(111)2EAg(111)2EK . For the most complex geometry, this energy was computed with two different parameters of the sm
temperature, 0.03Eh and 0.005Eh , for comparison.

Site Bond length dK2Ag1 dAg12Ag2 d1 Lateral Eads (0.03) Eads (0.005)
~Å! ~Å! ~Å! ~Å! ~Å! (Eh /K atom) (Eh /K atom)

Four layers, without substrate rumpling, without lateral relaxation
fcc hollow 3.26 2.80 2.37 0 0 20.0442
hcp hollow 3.26 2.80 2.37 0 0 20.0440
Bridge 3.16 2.81 2.37 0 0 20.0437
Top 2.94 2.94 2.37 0 0 20.0413
Stacking fault 3.27 2.81 2.38 0 0 20.0435

Four layers, with substrate rumpling, without lateral relaxation
fcc hollow 3.26 2.80 2.37 0 0 20.0442
hcp hollow 3.26 2.80 2.37 0 0 20.0440
Bridge 3.18 2.73 2.34 0.10 0 20.0442
Top 2.96 2.73 2.24 0.23 0 20.0438
Stacking fault 3.27 2.81 2.38 0 0 20.0435

Five Ag layers, with substrate rumpling, without lateral relaxation
fcc hollow 3.27 2.81 2.37 0 0 20.0443
hcp hollow 3.27 2.81 2.37 0 0 20.0441
Bridge 3.18 2.74 2.34 0.10 0 20.0443
Top 2.95 2.73 2.25 0.22 0 20.0441
Stacking fault 3.27 2.81 2.38 0 0 20.0437

Five Ag layers, with substrate rumpling, with lateral relaxation
fcc hollow 3.27 2.79 2.37 0 0.04 20.0444 20.0422
hcp hollow 3.27 2.79 2.37 0 0.04 20.0442 20.0421
Bridge 3.19 2.74 2.33 0.10 0.01 20.0444 20.0422
Top 2.95 2.73 2.25 0.22 0 20.0441 20.0422
Stacking fault 3.27 2.79 2.38 0 0.03 20.0441 20.0422

Experiments~hcp! ~Refs. 8 and 9! 3.2960.02 2.8460.03 2.3560.02 0
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In Table I, the adsorption geometries and energies are
played. It turns out that all considered adsorption sites
virtually degenerate — the best calculations indicate that
binding energies for the various sites are within 0.1mEh
which is at the limit of the numerical noise. These findin
are thus no contradiction to the experiment where the
hollow site was identified as the preferential site. The deg
eracy is certainly within the range of the errors associa
within the calculation~lack of basis functions with highe
angular momentum thanl 52, number of Ag layers consid
ered in the slab model, uncertainties in the functional, an
tropic vibrations observed in the experiment!. The total com-
puted binding energy per K atom is 0.042Eh , i.e., 1.1 eV.

The structure with a stacking fault is also degenerate,
thus cannot be ruled out by the simulations. In agreem
with a recent calculation,23 the clean Ag~111! surface with a
stacking fault was found to be slightly higher in energy~by
about 0.000 15Eh per atom! than the unfaulted surface.

When considering the optimal geometry for the hcp s
we note that the computed distances are in excellent ag
ment with the experiment: the distance between the po
15542
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sium layer and the top silver layersdK2Ag1 was found to be
2.79 Å versus 2.8460.03 Å in the experiment8 and the dis-
tance between first and second silver layersdAg12Ag2 was
obtained to be 2.37 Å~experiments: 2.3560.02 Å). This
computed distance is identical to the distance in Ag b
(4.10/A3 Å, with the PBE functional16!, i.e., no relaxation of
the top layer was found. The distance between potassium
the nearest silver atom was found to be 3.27 Å~experiments:
3.2960.02 Å). We can thus deduce an effective potassi
radius of 3.2724.10/A8Å51.82 Å, in agreement with the
experimental value2 of 1.8260.03 Å.

The most complex structure included the possibility
surface rumpling and of lateral relaxation of the top Ag lay
Rumpling is allowed by symmetry for the bridge and to
adsorption sites, and in both cases a large valued1 for the
rumpling is obtained~0.10 Å for the bridge site and 0.22 Å
for the top site!. The effect of the rumpling is to push the A
atom under the adatom deeper into the bulk, whereas
atom~s! not under the K atom move out of the bulk towar
the K layer.
1-3
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TABLE II. Adsorption of K on the Ag~111! surface, with a (232) pattern. The adsorption energyEads is the differenceEK/Ag(111)

2EAg(111)2EK . For the most complex geometry, this energy was computed with two different parameters of the smearing temp
0.03Eh and 0.005Eh , for comparison.

Site Bond length dK2Ag1 dAg12Ag2 d1 Lateral Eads (0.03) Eads (0.005)
~Å! ~Å! ~Å! ~Å! ~Å! (Eh /K atom) (Eh /K atom)

Four Ag layers, without substrate rumpling, without lateral relaxation
fcc hollow 3.20 2.73 2.37 0 0 -0.0418
hcp hollow 3.20 2.73 2.37 0 0 -0.0416
Bridge 3.11 2.75 2.37 0 0 -0.0412
Top 2.87 2.87 2.36 0 0 -0.0378
Stacking fault 3.21 2.74 2.39 0 0 -0.0409

Four Ag layers, with substrate rumpling, without lateral relaxation
fcc hollow 3.21 2.61 2.34 0.13 0 -0.0424
hcp hollow 3.21 2.61 2.34 0.13 0 -0.0422
Bridge 3.12 2.64 2.31 0.12 0 -0.0422
Top 2.90 2.67 2.22 0.23 0 -0.0407
Stacking fault 3.21 2.61 2.35 0.13 0 -0.0415

Five Ag layers, with substrate rumpling, without lateral relaxation
fcc hollow 3.20 2.61 2.34 0.12 0 -0.0423
hcp hollow 3.21 2.61 2.34 0.13 0 -0.0423
Bridge 3.12 2.66 2.32 0.11 0 -0.0422
Top 2.89 2.66 2.22 0.23 0 -0.0408
Stacking fault 3.21 2.62 2.35 0.12 0 -0.0415

Five Ag layers, with substrate rumpling, with lateral relaxation
fcc hollow 3.20 2.60 2.35 0.11 0.04 -0.0424 -0.0411
hcp hollow 3.21 2.60 2.35 0.12 0.03 -0.0425 -0.0413
Bridge 3.13 2.65 2.32 0.11 0.04 -0.0425 -0.0411
Top 2.89 2.66 2.22 0.23 0.005 -0.0408 -0.0395
Stacking fault 3.20 2.59 2.35 0.13 0.02 -0.0417 -0.0405
Experiments~fcc! ~Refs. 8 and 9! 3.2760.03 2.7060.03 2.3460.02 0.1060.03
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The importance of rumpling in the second Ag layer und
the K layer was investigated for the hcp hollow site, whe
this is allowed by symmetry. An optimal displacement
0.01 Å of the Ag atom vertically under the K atom, awa
from the K atom, was found, with an energy gain
0.1mEh . In the experiment, a displacement of 0.0
60.02 Å towards the K adsorbate layer was found for the
atom in the second layer under the K atom. Although
computed result deviates thus slightly from experiment, i
important that the energy gain is fairly small so that seco
layer rumpling does not appear to have a huge influence
the results~this was suggested in Ref. 8 as a possible rea
for the switch in adsorption site!.

Lateral displacement in the top Ag layer plays only a m
nor role, and lowers the energy at most by 0.4mEh . The
atoms nearest the K adsorbate were allowed to move and
lateral movement of the atoms was in all cases away fr
the adsorbate, by a maximum of 0.04 Å.

We also note by comparing the results for four layers w
and without surface rumpling that the rumpling is most i
portant for the top site: the energy gain by rumpling
15542
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2.5mEh , and 0.5mEh for the bridge site. This is in line with
previous calculations for K/Cu~111!.14

B. Ag„111… „2Ã2…-K

In Table II, results for the Ag(111)(232)-K structure are
displayed. Fcc hollow, hcp hollow, and bridge sites a
within 0.2mEh , i.e., practically degenerate. The structu
with a stacking fault is;0.8mEh higher in energy, the top
site by ;1.8mEh . Similar for the higher coverage, it ca
only be stated that these findings are compatible with
experiment, but a statement about the preferred site is
possible.

The geometry is in good agreement with experiment
value for the interlayer distancedK2Ag1 of 2.60 Å ~experi-
ments: 2.7060.03 Å) was obtained and an interlayer di
tancedAg12Ag2 between the first and second silver layers
2.35 Å ~experiments: 2.3460.02 Å). Surface rumpling is
important and a value ofd150.11 Å was computed~experi-
ments: 0.1060.03 Å). The effect of the surface rumplin
was again to push those atom~s! under the potassium adso
1-4
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TABLE III. Orbital-projected potassium charge for different adsorption sites~five Ag layers, with sub-
strate rumpling and lateral relaxation!.

Site Charge (ueu)
s px py pz Total

(A33A3)R30°
fcc hollow 6.513 4.135 4.135 4.052 18.843
hcp hollow 6.515 4.134 4.134 4.052 18.843
Bridge 6.513 4.127 4.144 4.052 18.845
Top 6.502 4.146 4.148 4.051 18.856
Stacking fault 6.515 4.134 4.134 4.051 18.843

(232)
fcc hollow 6.494 4.115 4.114 4.025 18.757
hcp hollow 6.496 4.114 4.114 4.025 18.757
Bridge 6.496 4.106 4.122 4.027 18.760
Top 6.487 4.123 4.123 4.028 18.772
Stacking fault 6.496 4.114 4.114 4.025 18.757
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bate deeper into the substrate, whereas the other ato~s!
~three atoms in the case of the top site, two atoms in the c
of the bridge site, and one atom in the case of the three
hollow sites! move outwards towards the potassium layer

Lateral relaxation plays a minor role for the binding e
ergy. In all cases except for the top site where this is
possible the atoms nearest to K move away from the K at
in the case of the top site, the three atoms not under th
atom move slightly towards each other, away from the
atom. However, the energy gain is at the limit of numeri
accuracy.

For comparison, calculations without surface rumpli
were performed, i.e.,d1 was kept fixed at 0 Å. We note tha
the interlayer distancesdK2Ag1 between the K layer and to
Ag layer increase when rumpling is not possible, and
2.73 Å for fcc and hcp sites. The interlayer distance betw
first and second Ag layers hardly changes. The adsorp
energy differs by<1mEh for fcc, hcp, and bridge sites, an
for the structure with a stacking fault, but by 2.9mEh for the
top site. Thus we find again that surface rumpling is m
important for the top site, however, it is not large enough
make the top site the preferred adsorption site.

The computed adsorption energy per potassium atom
this structure is 0.041Eh , i.e., nearly identical to the highe
coverage. This energy is close to the one computed
K/Al ~111!, also the splitting between various sites was fou
to be of the order of few hundredths of an eV only;11 the
binding energy is also comparable to Cu(111)(232)-K.14

The adsorption energy is, however, lower than the one c
puted for K/Pt~111! where values of 2.42 eV~at a coverage
of one-third of a monolayer! and 2.93 eV~at a coverage of
one-fourth of a monolayer! were obtained, at the level of th
local-density approximation.13 The energy splitting betwee
fcc and hcp sites was computed to be 15 meV in the la
publication,13 with the hcp site lower; this is compatible wit
the near degeneracy which is found here for the sys
K/Ag~111!. Finally, we also see that the results are well co
verged with respect to the number of layers, for both cov
ages: in one case~substrate rumpling, no lateral relaxation!,
15542
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the optimization has been performed with four and five
layers, and both geometry and adsorption energies are st

C. Population and density of states

In Table III, Mulliken charges for the potassium atom a
given, projected on the different basis functions. The
charges are defined as

NA5 (
mPA

(
n

PmnSnm

with density matrixP, overlap matrixS, and A the set of
basis functions for which the population is computed.
should be mentioned that a relatively large number of dig
has been given; although the absolute values will not
more accurate than to one or two decimal points, for
relative values more digits are still meaningful.

In the case of Ag~111! (A33A3)R30°-K, the total charge
is ;0.16ueu, and in the case of Ag~111! (232)-K
;0.24ueu. Obviously, if the charges were the same, the el
trostatic repulsion at higher coverage@Ag~111! (A3
3A3)R30°-K] would be larger because of the shorter K-
distances. Therefore, the charge in the case of Ag~111! (A3
3A3)R30°-K is reduced, in agreement with the Langmu
Gurney model. The individual populations are very similar
Cu~111! (232)-K: px , py , and pz charges are slightly
above 4, the number ofs electrons is;6.5; charges inpx
and py orbitals are identical except for the bridge site; a
the px orbital which has more overlap with the substra
layer ~in our choice of geometry! is slightly less occupied
than thepy orbital. The higher occupancy of that orbita
which has less overlap with the substrate, indicates that
bond is not covalent. In addition, the overlap populatio
defined as

(
mPA

(
nPB

PmnSnm ,
1-5
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K. DOLL PHYSICAL REVIEW B 66, 155421 ~2002!
with A the set of basis functions on the first atom andB the
set of basis functions of the other atom, was computed. T
number is a measure for covalency, and is, similar
Cu(111)(232)-K, very small: for K and nearest-neighbo
Ag, it is <0.06ueu for both coverages, and negligible fo
further neighbors.

In Figs. 4 and 5, the density of states~DOS!, projected on
the potassium basis functions, is displayed for the fcc
sorption site. The Fermi energy is in a regime with a sign
cant contribution from K 4s and 4p bands, so that the over
layer is clearly metallic. The projected DOS does not dep
on the adsorption site: it looks virtually identical for fcc ho
low, hcp hollow, bridge, and top sites, and also for the str
ture with a stacking fault. This is as found for Cu(111)
32)-K, but different from the case of chlorine as an ads
bate, where the projected DOS clearly depended on the
sorption site.16

The values of the K 3s and 3p levels are practically in-
dependent of the adsorption site~see Table IV!. This is again
in contrast to chlorine: for chlorine, the core eigenvalue
pended on the adsorption site, and it was correlated with
charge of the chlorine atom.16 For K, the variation of the
Mulliken charges with adsorption site for fixed coverage
much smaller~Table III! as for chlorine. This is thus consis
tent with the finding that the core eigenvalues do not vary
the different sites. Also, the position of the Fermi energy a
thus the value of the work function is independent of the s
and changes slightly with the coverage.

D. Comparison of the results for the two coverages

When comparing the results for the two coverages,
first note that the bond lengths for the individual sites

FIG. 4. DOS, projected on K, fcc adsorption site, and the (A3
3A3)R30° structure. The DOS, projected on all K basis functio
is shown, together with the DOS projected ons, px , py , and pz

orbitals only. The Fermi energy is indicated with a vertical line.
15542
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very similar for both coverages. The bond length increa
with the number of nearest neighbors to which the potass
adatom bonds, in agreement with Pauling’s argument24 that a
smaller number of bonds leads to a stronger individual bo
and a shorter bond length: the bond length is shortest for
top site with 2.95 Å for the (A33A3) structure@or 2.89 Å
for the (232) structure#, longer for the bridge site, and long
est for the threefold hollow sites. Similarly, the effective
radius, obtained from the difference of bond length and
fective silver radius (4.10/A8Å), increases in this order. I
we keep the Ag radius fixed, it increases from 1.50 Å@or
1.44 Å for the (232) structure# for the top site to 1.82 Å~or
1.76 Å! for the threefold hollow sites. These values are co
patible with effective K radii deduced from experiment~see
Table 10 in Ref. 2!.

In Table V, the most important results of the calculatio
for the two coverages and the fcc hollow are compared. T
binding energy per K atom, with respect to free K atoms a
a clean Ag~111! slab, is 0.042Eh and 0.041Eh , i.e., nearly
identical for both coverages. In the case of Ag~111! (A3

,

FIG. 5. DOS, projected on K, fcc adsorption site, and (232)
structure. The DOS, projected on all K basis functions, is sho
together with the DOS projected ons, px , py , andpz orbitals only.
The Fermi energy is indicated with a vertical line.

TABLE IV. Position of the K 3s and 3p core eigenvalues, and
position of the Fermi energy, inEh ~five Ag layers, with substrate
rumpling and lateral relaxation!.

Site (A33A3)R30° (232)

fcc hollow 21.253;20.659;20.069 21.256;20.662;20.062
hcp hollow 21.253;20.658;20.069 21.256;20.662;20.062
Bridge 21.253;20.659;20.069 21.257;20.662;20.062
Top 21.253;20.659;20.069 21.258;20.664;20.062
Stacking fault21.253;20.659;20.069 21.256;20.661;20.062
1-6
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3A3)R30°-K, all considered sites, and in the case
Ag~111! (232)-K, the fcc, hcp, and bridge sites are virt
ally degenerate. This degeneracy was already observed i
early study of K/Al~111!,11 and explained by the fact that th
large radius of potassium leads to a large distance of
adsorbate to the substrate and therefore the K adsorbate
experience only a small substrate electron-density corru
tion; similarly the potassium overlayer is metallic and
electronic charge more diffuse than the charge of, e
chlorides25,16 or oxides23 as adsorbates which also help
reduce the energy difference between the threefold hol
sites and bridge or top sites, compared to halogenide
oxides.

The K charge hardly depends on the adsorption site, b
depends on the coverage. The slightly higher charge~i.e.,
less electrons! for the lower coverage is consistent with th
slightly shorter bond length and smaller effective K rad
for this adsorbate system.

The values of the K 3s and 3p core eigenvalues als
indicate that there is a little difference between the two c
erages: For the lower coverage, the core eigenvalues a
1.194Eh and 0.600Eh below the Fermi level, and for the
higher coverage at 1.184Eh and 0.590Eh . These values are
virtually independent of the adsorption site. Again, this
consistent with the finding that the K charge is larger for
lower coverage and therefore the core eigenvalues are lo
~i.e., there is slightly less electronic charge to screen
nuclear charge and the core levels are thus further stabiliz!.

The work function decreases from 0.131Eh for the clean
Ag~111! surface to 0.062Eh for the (232) structure and in-
creases again slightly to 0.069Eh for the (A33A3)R30°
structure. This finding is in line with the argument that in
tially the work function will decrease linearly with increa
ing coverage, up to a minimum, and finally increase ag
because of the depolarization of the adsorbate~see, e.g. Ref.
5!.

Comparing the results for K/Ag~111! with K/Cu~111! and
the (232) pattern, we note that the site has switched fr
the top to the threefold hollow or bridge sites. The reas
appears to be that, without rumpling, the energy splitt
between hollow or bridge sites and top site is less than 1mEh
for K/Cu~111!,14 but 4mEh for K/Ag~111!. Substrate rum-
pling changes this splitting in favor of the top site; howev
the change is not large enough to stabilize the top site as

TABLE V. Comparison of the results for the two coverages~fcc
hollow site!.

Structure (A33A3)R30°-K (232)-K

Bond length~Å! 3.27 3.20
Effective K radius~Å! 1.82 1.76
Binding energy (Eh /K atom) 0.042 0.041
Mulliken charge on K (ueu) 0.16 0.24
K 3s, 3p core eigenvalues,

relative to Fermi energy (Eh)
21.184; -0.59021.194;20.600

Work function (Eh)
@clean Ag~111!: 0.131#

0.069 0.062
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ground state for K/Ag~111!. The parameter most importan
for the magnitude of the energy splitting of the sites, witho
rumpling, appears to be the nearest-neighbor spacing of
substrate: for a fixed radius of the K adsorbate, the adsor
atom will have more overlap with more substrate atoms
the substrate atoms are closer. In the case of the top site
K atom has a nearest neighbor vertically below and six ne
nearest neighbors in the first layer. These six atoms are cl
in the case of the K/Cu~111! than of K/Ag~111! because of
the smaller atomic radius of copper and thus the sma
lattice constant of Cu. Thus, the energy splitting is sma
for K/Cu~111! compared to K/Ag~111!, and substrate rum
pling can change it in favor of the top site for K/Cu~111!.
This argument would also hold for the system K/Ru~0001!,26

which behaves similarly to K/Ag~111!. The calculations thus
support the argument given, for example, in Ref. 2 a
which was based on a large set of experimental data~when
varying the adsorbate, the ratio of the radius of the adsorb
to the nearest-neighbor spacing of the substrate was rec
mended as a parameter to predict the adsorption site!. In the
simulations performed here, this argument can be verified
comparing the results from a surface without substrate ru
pling and a surface with rumpling.

For substrates with similar lattice constants, an additio
parameter will be the energy required for the deformation
the surface; this energy is found to be 1.5mEh for K/Cu~111!
and 2.8mEh for K/Ag~111!, for the top site@for the (232)
structure, the energy difference between the unrelaxed c
surface and the optimal geometry of the adsorbate sys
without K adsorbate, was computed#. Note that the magni-
tude of the rumpling is larger for K/Ag~111!, which may
explain the higher energy necessary for the deformation
the clean Ag surface~although Ag has a lower bulk modulu
than Cu!.

We also note that the top site is slightly better in ener
for the higher coverage than for the lower coverage, rela
to the other sites@in line with the case of K/Al~111! ~Ref.
11!#. This could be due to the larger radius of the K ads
bate for the higher coverage. As explained earlier, the p
tive K charge is smaller for the higher coverage and thus
radius is larger. Therefore, the overlap with the six near
neighbors will be larger and the top site will be slightly mo
stabilized. However, this argument must be contrasted w
the case of Cs/Ru~0001!,27 where the site switches from to
@(232) structure# to hcp @(A33A3)R30° structure#. In the
latter case, a better screening was suggested as the po
explanation. These two controversial findings for similar s
tems demonstrate how difficult it is to give even only qua
tative rules for the preferred adsorption site.

We can thus give a reasonable argument for the ques
of why the top site is not preferred for K/Ag~111!, in contrast
to K/Cu~111!. The question of the site switch from fcc t
hcp, however, cannot yet be answered. The difficulty res
from the small energy splitting, and thus the large numbe
effects on this energy scale that are possible, and may in
ence the site preference~e.g., slightly different charge
screening, second layer rumpling, stacking fault!. Numeri-
cally, the energy splitting is at the limit of the numeric
noise.
1-7
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IV. SUMMARY

In summary, the impact of the paper is twofold: first, t
technology of using Gaussian-type basis functions w
shown to be capable of describing the adsorption on met
surfaces. Secondly, some of the experimental findings co
be confirmed~essentially the geometry!, and data could be
provided ~energy splitting between the various adsorpti
sites, Mulliken charges, core eigenvalues, work functio
and the dependence of these parameters on the coverag!.

In more detail, it has been shown that density-functio
calculations can reproduce a part of the experimental fi
ings for the systems Ag~111! (A33A3)R30°-K and Ag~111!
(232)-K. The computed geometry is in excellent agreem
with the experimental results, and therefore much better t
for the case of K/Cu~111! where there was a deviation o
;0.2 Å between the experiment and the simulation.28,14This
agreement for K/Ag~111! thus helps to support the validity o
the approach employed in the simulations.

The adsorption site was found to be nearly degenerate
various sites considered for both coverages, and a valu
0.04Eh was obtained for the binding energy. The main d
ference to the system K/Cu~111!, where the top site is occu
pied, appears to be due to the different lattice constant of
vs Ag. In both cases, a threefold hollow site would be
vored without substrate rumpling, but only in the case
K/Cu~111! is the energy gain associated with the rumpli
large enough to lead to a change of the adsorption site, m
ing the top site favorable.

The computed energies demonstrate that various sites
virtually degenerate, within the accuracy of the calculatio
This appears to be due to the metallic nature of the overla
and the large radius of the potassium adsorbate, which m
the surface electron-density corrugation have only little i
pact on the energy splitting between the various sites. P
sible suggestions for the change in adsorption site from
to hcp were tested~second layer rumpling, stacking fault!.
However, second layer rumpling did not have a huge imp
and the energy of the structure with a stacking fault was
degenerate with the other structures, within the accurac
the calculations. It is therefore possible to give arguments
why the top site is not occupied, but the question of the
change from fcc to hcp remains puzzling. The near deg
eracy of the energies indicates that minute effects are res
sible for the site change.

The computed potassium charge is between10.16ueu for
the higher and10.24ueu for the lower coverage. Thes
charges are consistent with results for the effective K rad
and K-Ag bond length which increase for the higher cov
age, with the work function, and with the K 3s and 3p core
eigenvalues which move slightly closer to the Fermi ene
for the higher coverage. This consistency indicates that M
liken charges are a simple and useful concept for describ
adsorption on metallic surfaces. As in the case of K/Cu~111!,
the small overlap population indicates that virtually
evidence can be found for a covalent contribution to
binding.
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APPENDIX: NUMERICAL INTEGRATION

The accuracy of the numerical integration depends es
cially on the number of sampling points and the smear
temperature employed. Obviously, a higher number of sa
pling points will lead to a higher accuracy. The optim
smearing temperature will depend on the band structure
on the number ofkW points. In general, a lower smearin
temperature will be better because the Fermi function~which
is a step function at zero temperature and thus makes a
rate integration numerically difficult! is better approximated
However, when quantities such as susceptibilities are c
puted, the smearing temperature should not be too low,
cause the function to be integrated has singularities~see, e.g.,
the discussion in Ref. 21!.

To investigate the dependence of the results on the sm
ing temperature, first a simple test was performed where
lattice constant of bulk Ag was optimized atT50.005Eh .
The optimal lattice constant was 4.12 Å, the cohesive ene
0.090Eh , and the bulk modulus 108 GPa. At a higher te
perature ofT50.03Eh , the optimized values were16 4.10 Å,
0.088Eh , and 113 GPa. The higher smearing temperature
0.03Eh thus does not seem to have a huge impact on
result. This is also seen in the comparison in Tables I and
where the energy splitting between the various sites ha
changes when the smearing temperature is reduced
0.03Eh to 0.005Eh . There is a change in the total bindin
energy, which is, however, still negligible compared to
magnitude.

Finally, in Fig. 6, the binding energyEK/Ag(111)2EK
2EAg(111) is computed for the hcp site, with a three-lay
slab simulating the Ag~111! surface. It becomes obvious tha
the binding energy depends similarly on the number okW
points and on the smearing temperature. As a whole, it
be concluded that the employed smearing temperature sh
not lead to serious errors for the results presented in
paper.

FIG. 6. Binding energyEK/Ag(111)2EAg(111)2EK , for K ad-
sorbed on the hcp site of the~111! surface of a three layer Ag slab
Various smearing temperatures from 0.001Eh to 0.05Eh , and

kW -point samplings from 232 up to 16316 have been compared.
1-8
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