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ghemica] trends and bonding mechanisms for isolated adsorbates on Al(111)
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Using the self-consistent surface-Green-function method we study the chemisorption of isolated
adatoms bonded to the (ill) surface of aluminum. In order to identify chemical trends, a group-
I, group-IV, and group-VII adsorbate is considered. Our study is analogous to that of Lang and
Williams with the diHerence that their substrate was jellium, whereas we take the substrate atomic
structure fully into account. The inBuence of the atomic structure is clearly noticeable in the
electronic density of states, charge density, and atomic geometry, but the main (qualitative) conclu-
sions of I ang and Williams are supported by our results. The discussion of the group-I adsorbate
is complemented by calculations for periodic adlayers, in order to demonstrate the in6uence of
adsorbate-adsorbate interactions.

I. INTRODUCTION

The understanding of the chemisorption bond of iso-
lated adsorbates on surfaces is fundamental to the study
of more complex phenomena such as chemical reactions
and catalytic efFects on surfaces. A systematic investi-
gation for different adatoms was performed in pioneer-
ing work by Lang and Williams, in which they describe
total-energy and electronic structure calculations for dif-
ferent atoms adsorbed on a jellium substrate. Thus,
the atomic structure of the substrate is replaced by a
structureless, positive charge density which at the sur-
face goes abruptly to zero. They use a substrate with a
density parameter r, = 2 in order to model aluminum.
Recently it became quite clear, however, that Al is not
free-electron-like. For example, the top layer of Al (111)
relaxes slightly outward, i.e., not inward as it should for
a free-electron metal, and the work function of Al (ill)
is smaller than that of the (100) surface. 2 Both effects re-
sult from the Al band structure (i.e. , from the tendency
of Al towards covalence), as is the fact that adatorns are
sometimes adsorbed substitutionally. A further clear
indication of the importance of the Al atomic structure
for surface properties is that a neglect of the atomic struc-
ture, i.e., the jellium approach for Al, gives a negative
surface energy. Thus, the basic fact that an Al crystal
and its surface exist at all is crucially determined by the
atomic structure and its in6uence on the electronic en-

ergy bands.
Using our self-consistent surface-Green-function

(SSGF) method (see Ref. 9 and Sec. II below) we in-
vestigated the same chemisorption systems as Lang and
Williams in order to determine the infiuence of the atomic
structure of the substrate on the chemisorption process.
A Green-function method was applied as it gives an accu-
rate and most eKcient description for isolated adsorbates
on a semi-infinite substrate. This approach takes advan-
tage of the fact that the adsorbate induced perturbation
of the charge density and the change of the potential
(but not the adsorbate wave functions) are localized in

real space. When the Green function of the clean sub-
strate is known, the adsorbate geometry, charge density,
and binding energy can be calculated efBciently via the
Dyson equation requiring information only inside a rather
small region around the adsorbate.

In view of a comparison with the jellium calculations
of Lang and Williams, we study the low-coverage case as-
suming that the adsorbate sits on the unrelaxed Al (ill)
surface in the highest coordinated site, which is the hol-
low position. For low coverages this is indeed the stable
geometry and the substrate relaxation is very small. '

Investigating single adatoms implies that we can identify
the pure adsorbate-substrate interaction. At higher cov-
erages, changes of the adsorbate dipole moment, adsor-
bate position, substrate reconstruction, and phase transi-
tions into islands may occur. ' ' These effects are either
due to an adsorbate-adsorbate interaction or they require
some activation energy and are therefore not considered
in this paper.

The outline of this paper is as follows. In Sec. II we
brieHy describe our Green-function method; in particu-
lar, we derive the expressions for the total energy and
the forces on atoms. In Sec. III we investigate the chemi-
cal trends of several quantities which are characteristic of
chemisorption systems, such as the adsorption geometry,
density of states, and charge density. Agreement with
and differences from the results of Lang and Williams
are discussed. Section IV concentrates on some aspects
concerning the charge transfer between adsorbate and
substrate, and in Sec. V the transition Rom low cover-
ages to high coverages is discussed. Finally, in Sec. VI
we summarize the results.

II. THE SELF-CONSISTENT
SURFACE-GREEN-FUNCTION METHOD

Our self-consistent surface-Green-function method is
described in Ref. 9, where the emphasis was put on elec-
tronic structure calculations. In this section we extend
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The "reference system" 'R = —2V' + V describes
the semi-infinite substrate for a given potential V .
Throughout this paper equations are given in Hartree
atomic units. For the calculations reported below, we
have used a potential V which is self-consistent in
the bulk region and has a step barrier at the sur-
face. The barrier height is given by the bulk Fermi
level and the work function. The latter is obtained
from a self-consistent slab calculation4 which gives 4 =
4.2 eV. Measured f'rom the mufBn-tin zero our height of
the surface barrier is 13.1 eV. We use ab initio, ionic
pseudopotentials and denote the valence-electron den-

sity of this model substrate, which is produced by the
Hamiltonian 'Ro, as n"'0(r). Because the potential VO is
not self-consistent at the surface, V'+ = V + EV' is
the effective potential of the adsorbate system accounting
not only for the adsorbed atom but also for the contri-
butions which describe the difFerence between V and a
self-consistent substrate surface.

Sphtting the Hamiltonian as in Eq. (1) becomes highly
advantageous if an operutof Green-function method is

applied that treats the operator of the kinetic energy
only in the "reference system" 'Ro. Another advantage
of the Green-function method follows &om the effective
and highly localized screening properties of metals. As a
consequence, AV'~ is well localized in real space, which
enables accurate and eKcient calculations. We empha-
size that, while AV'+ is well localized, the wave func-
tions of the adsorbate system can be (and typically are)
extended.

For the change in the efFective potential of the adsor-
bate system we write

~vefF
[ v] VefF

[ v] VO (2)

where n (r) is the density of the valence electrons, and
V +[n"] is the functional of the effective potential as de-
fined by the Kohn-Sham equation. When the potential
of the ions of the reference system is denoted by V'
and when we define

~vefF, scO V ion, O + VHartree[ v, O]

+Vxc [
v, O] VO

this work and describe the evaluation of total energies
and forces.

Simply put, our method may be viewed as a suc-
cessor to the self-consistent "defect Green-function
method" which was developed around 1980 and
was successfully applied to many defects in semicon-
ductors. Besides taking ideas from the defect Green-
function method, the SSGF method is based on the
layer —Korringa-Kohn-Rostoker (KKR) Green-function
formalism, combining it with ab initio pseudopoten-
tial theory. Alternative methods have been devel-

oped by Dederichs, Zeller, and co-workers, 20 z~ Gun-

narsson, Jepsen, and Andersen, Beeler, Andersen, and
SchefBer, 2s and Feibelman and co-workers. 4 20

It is useful to split the Hamilton operator of the total
system into two parts:

~0 + ~vefF

we obtain the following equation:

gvefF[ v] avion + ~VHartree[ v]

+~vxc[ v] + ~vefF, scO

Here the difFerent terms on the right are the
changes in the ionic potential, the Hartree potential,
QVHartree[nv] V'Hartree[nv(r) nv, O(r)] and the
exchange-correlation potential, AV"'[n ] = V"'[n"(r)]—
V"'[n"'0(r)]. In the actual calculations the functional
V"'[n(r)] is evaluated using the local-density approxi-
mation. The ionic potentials are described in the &ozen-
core approximation. For an adatom at the surface and a
rigid substrate b, V' then is the ionic potential (nucleus
plus core electrons) of the free adatom. When lattice re-
laxations are taken into account, AV' " also includes the
changes due to a displacement of substrate ions. The last
term in Eq. (4) [i.e., Eq. (3)] accounts for the fact that
the theoretical description of the clean substrate surface,
i.e., the potential V, need not be self-consistent. Obvi-
ously, if V were a self-consistent potential then AV'+'"
would vanish.

The Green-function operator of the reference system
at complex energy Z = e + i g,

g'(z) =(z-~0) '

is calculated using the layer-KKR method. This gives
a highly accurate description of its real as well as its
imaginary parts. For the difference of g(Z) and gO(Z)
we obtain

Dg(z) = g(z) —g (Z)

=g'(z)av'(I g'(z)~v"—) 'g'(z) . (6)

The quantity of interest is the electron-density change,
b,n" (r) = n" (r) —n" (r), induced by the adsorbate sys-
tem and it is obtained from ImAg(z). We make the
following (general) ansatz for this quantity in a localized
basis:

b,n (r) = ) An," y;(r)y,'. (r)

where the set (g;(r) j contains orthonormal localized ba-
sis functions. For details we refer to Ref. 9. For the
calculations reported below, the function space (y; (r) j is
constructed &om s, p, and d gaussians which are centered
at the adatom and its three neighbor Al atoms. For each
angular quantum number we use three gaussians having
different decays (a = 0.15, 0.38, and 0.6 bohr for the
Na and Si adsorbate systems, and o. = 0.15, 0.5, and
1.0 bohr for the Cl adsorbate system). Several test
calculations with different decays showed that this basis
of 108 linearly independent functions is sufficiently Bex-
ible to represent the two localized functions b,n" (r) and
~V efF(r)

Once the change of the valence-electron density An (r)
is calculated self-consistently we can evaluate the to-
tal energy. The total-energy functional for the valence-
electron density n" (r), which describes all the valence
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electrons of the substrate and the adsorbate, can be written as

v] ) v, out
' ( ) ( )d3 d3 I ( ) ( )d3 d3 b+2 fr —r'f ]r —r'/

+ n'" r +n" r e"'n'" r +n" r dr
1 ~' Z Z

n ' "'(r)V"'[n ""(r)+n" '(r)]d r+ —) " ' +epAQ
2 „;iRi, —Rg/

The superscripts "out" and "in" indicate whether the
corresponding quantity is taken as "input" or "output"
for the Kohn-Sham equation (in our case the correspond-
ing Dyson equation). The distinction between n""" and
n "t is necessary in order to take full advantage of
the variational principle of the total energy. The e;
are the single-particle eigenvalues of the valence elec-
trons and ep is the Fermi level. ~"' is the exchange-
correlation energy per electron and is taken in the local-
density approximation (LDA).3r Although we use ob ini-
tio pseudopotentials, is we (usually) do not linearize the
exchange-correlation interaction of core and valence elec-
trons. This implies that the electron density of the frozen
(atomic) core states, n" t(r), appears in Eq. (8). The
contribution 3+& &

~R' R
~

is the electrostatic interac-2 A:,l )Ra —R& I

tion of the positive ions.
The last term t~AQ accounts for the fact that our

Green-function method uses a constant chemical poten-
tial e~, the Fermi level of the substrate bulk. Thus, there
is no explicit constraint for charge neutrality in the sys-

I

1

tern. The net charge of the system in the region of in-
tegrations Oi ' in which An (r) is diferent from zero is
denoted by AQ. Although we do not force the system
to become neutral, the nature of the metallic screening
implies that in all practical cases we have studied, AQ
was smaller than one-hundredth of an electron, which is
a confirmation that the function space {g;(r)) is suffi-
ciently fiexible.

The total energy of the adsorbate system. can be evalu-
ated by considering only a 6nite, and typically very small,
region Ai '. This is true because all the kernels of the in-
tegrals in Eq. (8) can be factorized into products of two
quantities one of which is strongly localized in the spa-
tial region O' '. Furthermore, we evaluate the energy
summation in the complex energy plane along the fol-
lowing energy contour: I" = (e ', 0) ~ (e ', 1eV) ~
(e~, 1 eV) + (e~, 0). Here e is an energy below the
lowest occupied valence state. The change of the total
energy of the adsorbate system is

~ad

) n' "(~r —R ~)

a=1 gslab

~Z'" = — o b(o ) —e'"b(e'") —— b)Z)fbs]
7r Pe

1 g &v,out (rI ) ntst, out (rf )
v, out

( )
I % I d3 I + Vtst, out( ) d3

nb- ni-
~ ~

~~nv»(r l n«t »fr'l
v, out

( )
( ) ( )d3 b+Vtstin( ) d3

bloc bloc ]r —r
)

I

~.,+, n""(~r' —Ri~) —n '(r')

+ Im & ) n, ' y;(r)y*(r) &

loc
~12

adE.= ':"(I —R-l)d „+ "'""( ') —A """(') ~ V.„.
( ) dr —r' /r —r')

+ [An"* " (r) + n ' (r) + n' (r)]
bloc

x (P'[An ' " (r) + n ' (r) + n' '(r)] —t"'[n ' (r) + n" ' (r)]) d r

+ [An ' " (r) + An" (r)] P'[n ' (r) + n" ' (r)]d r
bloc

[An ' " (r) + n"' (r)]
bloc

x (V"'[An ""(r)+ n ' (r) + n" '(r)] —V"'[n"' (r) + n' ' (r)]) d r

ZVZV
An "'(r)V"'[n" (r) + n" ' (r)]d r + ) ) + ey AQ
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The spatial region 0' has the planar translational sym-
metry of the reference system and a thickness of several
crystal layers plus some vacuum region. There should be
at least as many layers as there are in 0 '. In Eq. (9)
there are some new symbols which are not defined so far.
n" ~ (r) is the density of the core electrons of the clean
substrate. The generalized phase shifts are defined as

b(Z) = —Imlndet[I —g (Z)AV' ]

with I being the unity matrix. N ~ denotes the (finite)
number of adsorbate atoms (below we have N ~ = 1),
and n' (r) gives the charge distribution of the ionic cores
of the pseudopotentials.

The quantities nt' (r) are test charge densities with
the property that for An" (r) —n™t(r)the monopole and
dipole moment vanish. This is useful in order to evaluate
the corresponding integrals with the fast Fourier trans-
formation technique. V~' (r) is the electrostatic potential
corresponding to n™t(r).

g@tot
The force on the bth atom, Fg ———&R, contains in-

tegrals (similar to the total energy) with kernels which
are localized. Details can be found in Ref. 28.

EEE. CHEMICAL TRENDS
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FIG. 1. Total energy as a function of the adsorbate height
for Si on Al(ill) at the fcc-hollow site. The d = 0 height
is the center of the top substrate layer. The energy zero has
no direct physical relevance. The dot-dashed line is obtained
from integration of the calculated forces.

In this section we describe an application of the SSGF
method to a representative set of third row adatoms,
namely Na, Si, and Cl, which are adsorbed on Al (111).
The non-linearity of the exchange-correlation energy
functional for the core and valence electrons (see Sec. II)
is taken into account just for Na because only for alkali-
metal atoms is the overlap of valence and core states
appreciable.

First we discuss the calculated equilibrium height of
the adsorbate d,~, which is defined as the distance be-
tween the adatom and the top substrate layer. The cal-
culated total energy for Si is given for different adsorbate
heights in Fig. 1, where we also show the energy as ob-
tained from an integral of the calculated forces. The good
agreement of the integrated forces and the total energy
demonstrates the high numerical accuracy. In Table I
we compare our results with the jellium calculations of

TABLE I. Equilibrium distances d,~ (A) for Na, Si, and Cl
(measured from the center of the top substrate layer). The
results labeled jellium are from Lang and Williams. Because
they give adatom heights with respect to the jellium edge,
we added to their numbers half an interplanar spacing of
Al(ill), i.e., 1.15 A. SSGF are results obtained using the
self-consistent surface-Green-function method, and PW are
results obtained from supercell calculations with a plane-wave
basis set and a coverage of 0 = 1/16. The numbers in brack-
ets give the corresponding adatom-Al bond lengths in A. The
radius of metallic Al is r~~ = 1.41 k..

Adsorbate
Na

Si

Cl

Jellium
2.79

2.37
2.52

SSGF
2.69 (3.14)
1.95 (2.54)
2.09 (2.65)

PW
2.70 (3.16)
1.80 (2.43)
1.92 (2.51)

Lang and Williams. It shows that the jellium substrate
overestimates the equilibrium distance. Whereas this er-
ror is small for the Na adsorbate (= 3'%%uo), it is rather
large for the smaller Si and Cl adatoms (= 20'%%uo). It is

interesting to note that for Si on a jellium surface and
using first-order perturbation theory for the lattice, an
equilibrium adatom height of 1.95 L is obtained, which
is identical to our full SSGF result (see also Ref. 8). We
also included in Table I the results of plane wave (PW)
supercell calculations. For these calculations the sub-
strate is described by a slab consisting of four Al layers
and the vacuum region has a thickness of seven Al layers.
As shown elsewhere, this small number of layers gives
reliable results provided one adsorbs only on one side of
the slab. For the calculations a very low coverage of one
adsorbate per 16 substrate-surface atoms was used. The
basis set consists of plane waves with kinetic energy up to
E'" = 8 Ry, and the k integration is replaced by one spe-
cial point in the irreducible part of the Brillouin zone.
For details of the method we refer to Ref. 4.

The agreement between the PW and the SSGF re-
sults is good, the maximum deviation in the adatom-Al
bondlength is less than 0.17k.. We believe that the dif-

ferences are due to numerical inaccuracies in the SSGF
calculations which result from small inaccuracies in the
charge density n" (r) near and inside the substrate sur-
face. Therefore, they are more acute for smaller adsor-
bates.

Figure 2 shows the adsorbate-induced density of states
AN(e) for the three adsorbates as well as the density
of states of aluminum. bN(e) is calculated from the
generalized phase shift [see Eq. (10)] bys

The main differences between Fig. 2 and the results of
the r, = 2 jellium substrate, which is typically called
aluminum, are: (i) the theoretical band width of alu-
minum is 11.3 eV, and that of jellium is 12.5 eV, and (ii)
the atomic-structure induced band-structure efFects on
the density of states of Al at the Fermi level are clearly
visible in Fig. 2. With respect to the adsorption, the
expected picture for chemisorbed adatoms on metal sur-
faces is confirmed: Atomic states of the adsorbates are
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broadened due to the hybridization with the substrate
states. The position of the Fermi level relative to the
position of the broadened peaks determines the occupa-
tion of the atomic states and this determines whether
the bonding should be termed ionic or covalent. The
trend study of atoms from the left-hand to the right-hand
side of the periodic table makes this classification much
clearer than a single-case study. Thus, the AN(e) curve
for Na where the main peak is clearly above the Fermi
level is consistent with what one expects for an ionic bond
where the adatom is (partially) positively charged. This
result thus supports the low-coverage description of the
alkali-metal adsorption given by Langmuir and Gurney
and by Lang and Williams.

For Si the Fermi level cuts the energy range of the Si
3p-induced peak. A detailed analysis showed, that all
oscillations in AN(e) above the Fermi energy, which are
visible in the picture, have Si 3p character. Thus, the
Si-induced states which have bonding character with re-
spect to the adsorbate-substrate interaction are filled and
the antibonding states are empty (compare also Ref. 1).
The bond is thus covalent. We emphasize that the os-

Energy {eV)

FIG. 2. Changes of the density of states, AN(c), induced
by the adsorption of sodium (dashed line), silicon (dot-dashed
line), and chlorine (dotted line) on Al(111). The density of
states of the aluminum substrate is shown as a solid line.
Energies are given with respect to the Fermi level, which is
indicated by a vertical full line. The vertical dashed line marks
the bottom of the valence band.

cillations in AN(e) close to the Fermi level are again a
band-structure effect, and that in jellium there is only
one structureless p-like resonance. The structure of this
p-like adsorbate density of states (see Fig. 2) is largely
determined by the clean-substrate density of states: At
maxima of Im (Tr g (e) ) we find minima of AN(c) and
at minima of Im (Tr Igo(e) ) we find maxima.

For Cl a sharp atomiclike 3p peak lies 5eV below the
Fermi level, and the 3s peak is positioned even below
the metallic band at about —18 eV. This result can well
be summarized by calling the adsorbed Cl negatively
charged.

Comparing our results for Na, Si, and Cl with those
of jellium calculations, an excellent agreement is found.
Thus we conclude that the general nature of the chemical
bond is described well within the jellium model of Lang
and Williams. The biggest di6'erences are found for Si
as the Si 3p-induced states are cut by the Fermi level,
and the atomistic substrate splits the occupied bonding
and empty antibonding states.

Additional insight can be obtained from the valence-
charge densities of the di8'erent adsorbate systems (see
Fig. 3). In the case of sodium, the charge transfer
from the adsorbate toward the substrate is clearly vis-
ible. From the vacuum side the sodium looks practically
naked. Figure 3 may overemphasize this impression, be-
cause it shows a wide range of electron densities in order
to be able to compare atoms from the left to the right
of the periodic table. Thus, also for Na there exists (of
course) a closed contour around the Na ion core, which
is not shown in the figure. The first contour has a very
low value that supports (again) the description of Na as
being a (partially) ionized adatom and that additional
particles that approach the surface will experience the
"naked" side of the adsorbate. Figure 3 also shows that
the electron density between the Na adatom and the Al
substrate is increased. Thus, charge is displaced from the
vacuum side of the Na toward the substrate side. The de-
tails of this charge transfer are much more clearly visible
in the charge-density change, An (r), which is the quan-
tity directly calculated by the Green-function approach
and which is shown in Fig. 8 (top left). The maximum

7 1

10 3bohr 3

220
147
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65
44
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4

FIG. 3. From left to right, the valence-electron density for the chemisorption of sodium, silicon, and chlorine on Al (111).
The contour spacing is 29 x (1.5)" x 10 bohr, with —5 ( A: ( +5. The green-yellow border line [A: = O, n(r) = 29 x 10
bohr ] is the average density of our aluminum, i.e. , r, = 2.02 bohr.
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of b,n" (r) is located between the adsorbate and the sub-
strate. In a more detailed discussion given in Sec. IV we

show that the shape of this induced charge density can be
understood as the response of the metallic substrate to
a positively charged adsorbate. It is thus the quantum-
mechanical realization of the classical image eH'ect which
is actuated by the partially ionized adsorbate.

For silicon a directed, covalent bond is visible in Fig. 3
with an increase of electron density between the Si
adatom and the nearest Al atom. We also see a typi-
cal increase of electron density on the opposite side of
the bonding hybrid. Thus, what was expected kom the
density of states is seen in the electron density. We would
like to remind the reader that covalence is driven by
the single-particle eigenvalues, forxning occupied bond-
ing and empty antibonding states, and the electron den-

sity b,n"(r) may be considered to be a result of the
b,N(e) curves and the Fermi level position. Figure 3
also shows that the bond is polarized toward the more
electronegative Si, i.e., the maximum charge density of
the chemisorption bond is closer to the Si nucleus.

For chlorine, a nearly spherical charge-density distribu-
tion around the adsorbate and no directed bond is found,
supporting the discussion of AN(e) that the Cl adatom
is well described as a negative ion.

IV. THE CONCEPT OF CHARGE TRANSFER

In this section we investigate the shape of the charge-
density change which is induced by Na adsorption. This
is essentially an elaboration of our discussion of Fig. 1
in Sec. III, and of the discussion in Ref. 9, which was
concerned with Na on Al(100). We remind the reader
that one driving force which determines the nature of the
chemical bond is the kinetic energy operator, as this gives
rise to the shell structure of atoms, and that the energy
of a wave function with a node between atoms (typically
called the antibonding state) has a higher single-particle
energy than the wave function without a node (the bond-
ing state). It is essentially the energy difference of the
bonding state relative to the states of the uncoupled sys-
tems which determines if a bond should be called covalent
or ionic. The splitting into bonding and antibonding lev-
els together with the position of the Fermi level will be
reaected in the electron density n (r). However, investi-
gating the density n" (r) alone will typically not give an
unambiguous impression about the nature of the chemi-
cal bond.

Based on calculations for Na on jellium at a coverage of
0 = 1/8, Ishida recently argued that the adsorbate re-
mains practically neutral and that the ionic picture of the
chexnisorption for alkali-metal atoms should be replaced
by a covalent one. The analyses of several experimental
studies seemed to support this conclusion. X-ray pho-
toemission spectroscopy (XPS) measurements for alkali
adsorbates on W(110) (Ref. 32) and on Ru(001) (Ref. 34)
showed no shift in the binding energy of core states of
the adsorbate and the substrate surface atoms with in-
creasing coverage, while for oxygen a clear shift was ob-
served. The interpretation was that adsorbed oxygen
is partially charged, whereas for adsorbed alkali-metal

atoms the charge-transfer picture should be dismissed.
Modesti et aL found for K on Ag(001) island for-

xnation, which re8ects a net attractive interaction be-
tween adsorbates. Because partially ionized alkali-metal
adsorbates should give rise to a repulsive interaction,
it was again concluded that the charge-transfer descrip-
tion is not correct. This conclusion is, however, incom-
plete. It is well known that with increasing coverage a
strong adsorbate-adsorbate interaction sets in which is
usually described in terms of a continuous compression
of a homogeneous adlayer and a depolarization of the
adatoms. 3 ' However, as was recently pointed out, it
is also possible (and even likely) that an abrupt phase
transition into adatom islands can occur and that this
may happen already at very low coverage. ~' In these
islands the nature of the chemical interactions is sub-
stantially diH'erent Rom the isolated adatoms because in
the islands there are the adsorbate-adsorbate interactions
that dominate. Thus, studying such islands, no infor-
xnation can be obtained about the low-coverage limit of
isolated adsorbates, where only the adsorbate-substrate
interaction exists.

We will now show that &om a physical or chemical
point of view there is no need to dismiss the concept
of electronegativities and charge transfer for adsorbed
atoms. As we have already used these concepts above in
Sec. III, we feel that they are most valuable to summarize
and understand the physical and chemical properties of
adsorbates.

When a charged particle approaches a metal, a screen-
ing charge will be created at the metal surface. The
quantum-mechanical realization of the classical image
charge is an induced electron density at the surface which
has its center of gravity at the "effective metal surface, "
i.e., the image plane. Because electrons of an unper-
turbed metal surface spill out into the vacuum, the im-
age plane is located on the vacuum side of the top sub-
strate atomic layer. Of course, at very short distances
(typically d & 3A) the justification of the image-plane
concept gradually breaks down. It is still approximately
valid, however, because metallic screening is still impor-
tant. The concept can be approximately justified by as-
suming that for a charged system close to the surface the
image plane is moving toward the substrate. This is
what we have in mind when we use the term image plane
in the following discussion.

Figure 4 displays the result for a single, adsorbed Na
atom We show t.he difference density

n (r) = n" (r) —n ' (r) —n '~'(r) . (]2)
Here nN ~*'(r) is the (spherical) electron density of a
partially ionized atom, where the occupation of the va-
lence level i is given by the parameter f;. If partial ion-
ization of the adatoxn would be all that happens, then
n (r) should be zero for a certain occupation number f;.
In Fig. 4 we give the result for fs, ——15 Fo because 'for
this value we obtain the result that the difference density
is practically zero on the vacuum side of the adatom. It
is obvious kom the figure that on the substrate side of
the adatoxn there is an increase of electron density. Ac-
cording to the description favored by Ishida and Riffe,
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FIG. 4. Difference density ]see Eq. (12)j for a 85% ionized
sodium atom (a) and the response of the Al substrate to a
negative external point charge with q = —0.085e (b). Hatched
regions show an increase of electron density and cross-hatched
regions show a decrease. Units are 10 bohr

Wertheirn, and Citrin, the quantity n (r) is due to
the polarization of the adsorbed alkali-metal atom. On
the other hand, knowing that metals screen perturba-
tions, one is tempted to associate n (r) with the metallic
screening-charge density. Thus, the two different views
emphasize either the adsorbate atom or the substrate
as the dominant system giving rise to n (r). In order
to test if the Gurney model can be kept, we have cal-
culated the metallic screening-charge density explicitly
(see also Ref. 9). For this purpose we place, at the
same position where the Na ion core would sit in equi-
librium, a very small charge with q = —0.085e, where e
is the charge of one electron. This external charge in-

duces a screening charge shown at the bottom of Fig. 4.
Although the two perturbations are quite difFerent (an
external point charge with q = —0.085e has no eigen-
functions in the chemically relevant energy region; its 18
state is at —O. 1eV) the agreement of the two figures is
remarkable. Thus, the analysis of the adsorbate-induced
electron density fully supports the ionic picture: The dif-
ference density n+(r) can be well understood to be actu-
ated by the metal substrate which screens the partially
ionized adsorbate.

As already mentioned, the alternative interpretation
which was emphasized by Ishida and which has gained
many followers is also consistent with the result of Fig. 4

(top). We do not question that Ishida's point of view
is in principle (i.e., in mathematical terms) correct: If
two systems A and B are brought together, the result-
ing bonds can be mathematically correctly described in
terms of the eigenfunctions of A, or of the eigenfunctions
of B, or of a combination of both. This is typically called

1.2
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FIG. 5. Integrated charge density Q(r) = j n(r')d r'
around a free Na atom (solid line) and around a Na atom
in NaCl (dashed line).

the overcompleteness of the two Hilbert spaces of A. and
B. Thus, in a mathematical sense the density change in
Fig. 4 can be described in terms of a linear combination
of orbitals at the adsorbed atom. Then one would term
the density a polarization of the adatom. Obviously it
makes no sense to do this for the lower part of Fig. 4.
Thus while Ishida's argument is mathematically correct,
it does not describe the physical nature of the interaction.
We also note that the polarization argument still requires
the information and explanation of why the polarization
is such that the electron increase is on the substrate side
of the adatom and why a desorbed adatom leaves the
surface with a certain probability as a positively charged
ion. All this is naturally contained in the ionic descrip-
tion, which is driven by the electronegativity differences
of the alkali-metal atom and the metal substrate.

In. Ref. 31 Ishida determines the charge state of the
adsorbate by integrating the charge density over a sphere
with a radius which is more than two times larger than
the ionic radius (re'"' ——2.04 A. and rN" ——0.98 A.) and
even more than 20% larger than the covalent radius of
Na. Since the main part of the screening charge density
lies within this sphere it is no surprise that the charge
state remains practically independent of the coverage.
The problem of Ishida's approach becomes obvious when
it is applied to a NaCl crystal. Na is then found, for

, to be slightly negatively charged. This is shown
in Fig. 5, where the integrated valence charge density
around a Na atom in NaCl, and for a &ee Na atom, are
plotted as a function of the sphere radius. The largest
charge transfer occurs for a radius approximately equal to
the ionic radius of Na, rN" However. , the absolute value
is rather small (- 10%). From Fig. 5 it is clear that the
integration over a sphere can be quite misleading. This
is so even for a high symmetry situation as exists in a
NaCl crystal. As Fig. 3 shows, the spherical approach is
even less justi6ed for adsorbed Na.

In a more recent paper Ishida also gives results of
the electron charge at the adsorbed Na for smaller radii
(e.g. for rN = 1.1 A). His low-coverage results, which
correspond to a 0 = I/9 overlayer of Na on Al(ill),
show that for the small radii there is indeed less charge
at the adsorbed Na than in a free and neutral atom (see
Fig. 8 of Ref. 33). At this low coverage the adatom s
resonance is only partially occupied and the adatom p,
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FIG. 6. Valence charge density of NaCl obtained by a
superposition of the neutral atomic charge densities (left)
and from a self-consistent calculation (right). The units

are 10 bohr . Large dots mark the positions of the Cl

atoms, and small dots mark the Na atoms. Adjacent contour
lines differ by a factor of 2. The maximum density for the
non-self-consistent calculation is 265 x 10 bohr and for

the self-consistent calculation the highest density is 253 x 10
bohr
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FIG. 7. Adsorbate-induced change of the density of states,
b,N(e), for Na on Al(111) for difFerent coverages. Energies
are given with respect to the Fermi level, which is indicated
by a vertical full line. The vertical dashed line marks the
bottom of the valence band.

contribution is negligible (see Fig. 6 for a~~
= 17 and

r, = 2 of Ref. 33). Still, even this lowest coverage con-
sidered in Ishida's work is quite high, which is evidenced

by our calculations (as well as by experiments), which

show that the adatom dipole moment at e = 1/8 is
about 40% smaller than that at 0 -+ 0. This implies
that the trend that is clearly visible in Ishida's results
(see Fig. 6 in Ref. 33 for r, = 2 and a~~

= 8.5 ~ aI~
——17)

will continue toward lower coverage, which is proven by
our calculations (see Fig. 7 below). As a consequence,
we think that also Ishida's work confirms that at Q ~ 0
the adsorbed alkali-metal adatorn can be appropriately
described as partially ionized.

We would also like to comment on the core-level
measurements which are interpreted as a clear contra-
diction to the ionic picture. We certainly do not argue
about the experimental results. But we judge that the
analyses are inappropriate. At first we note that the
analyses were performed in the initial-state approxima-
tion of core-level shifts. There is clear evidence that
for alkali-metal adsorbates on metal substrates this is

not justified. Even if the initial-state approximation
were appropriate, we note that for alkali-metal atoms
on metal substrates core-level spectroscopy does not give
information about charge transfer. As Fig. 4 shows,
the perturbation due to a charge outside the surface is
screened before the top substrate layer is reached. In
fact, as usual, close to the perturbation the screening is
overdone and this is then corrected in an oscillatory way.
Thus, the fact that we find a decrease of electron den-

sity close to the first substrate layer confirms the ionic
model of alkali-metal adsorption and does not question
it. The example of oxygen on W (100), which in the work
of Riffe, Wertheim, and Citrin showed the trend the au-
thors expected for a negatively charged system, has no
meaning for the study of the bigger alkali-metal atoms.
The reasons are the different sign of the charge transfer
and the significantly different size of the atoms. Oxygen
sits too close to the surface and, therefore, for oxygen the
image-plane concept is no longer applicable, while it still
works (see Fig. 4) for Na.

For completeness of the above discussion and to
demonstrate again the difBculties with the concept of
charge transfer in chemically bound systems, we show
in Fig. 6 the charge density of NaC1. The left part of the
figure shows the result if simply neutral atomic densities
are superimposed, and the right figure shows the result
of a fully self-consistent calculation. It is obvious that
the changes due to self-consistency are small and in this
sense charge transfer can hardly be identified. Around
the Na nucleus the charge density is only slightly de-
creased, and this effect is localized within the ionic ra-
dius of Na as was already shown in Fig. 5. Around the
Cl atom we see that the maximum of the electron den-
sity becomes slightly lower and slightly broader in the
self-consistent NaCl density when compared to the &ee
atom densities. Thus, when one only inspects the charge
density, even NaCl does not present a clear case for a
system with ionic bonding. However, an analysis of the
density of states shows that it is indeed appropriate to
describe the upper valence band in terms of Cl p and the
lower conduction band in terms of Na s orbitals. This
result (again) supports the assessment that the electron
density of a polyatomic system cannot be separated in
a unique manner into contributions belonging to the in-
dividual atoms, and this holds for theoretical as well as
for experimental studies (see also Ref. 43, pp. 27 and
324). For simple molecules, the analysis by Bader and co-
workers provides one possible procedure to separate the
charge density and a Mulliken analysis presents a pop-
ular alternative. However, when a strong intra-atomic
hybridization occurs (e.g. , the formation of sp orbitals)
such analysis is known to fail (see Ref. 43, p. 28).

When analyzing adsorbed alkali-metal atoms, the
question remains to what extent the adsorbate-substrate
distance can be used to identify the nature of the bond.
For alkali-metal adsorbates on Al(111) the adatom ef-
fective radius is larger than the ionic radius (rN

——1.27
A. , see Table I; rN ——0.98 A.). This is understandable as
a consequence of the fact that in the adsorbate system
one deals with two unequal partners: the adsorbate atom
and the semi-infinite substrate. Therefore, the substrate
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0.4
—0.1

—0.5 —0.5

TABLE 11. Dynamical charge, Op/Bd, as obtained for an
isolated adatom on jellium and from supercell calculations
(labeled PW) for adsorbates on Al (111)at a low coverage of
0 = 1/16. The units are electron charges.

Adsorbate Jellium
Na 0.4
Si 0.0
Cl

0 =. .1/8

atoms lose, to some extent, their isolated-atom identity
and the identi6cation of the atomic radii of the substrate
atoms at the substrate surface is less well defined. In
fact, for a close-packed surface the adsorbate height with
respect to the image plane of the substrate might be a
more relevant quantity than the adsorbate-substrate in-
teratomic distance.

A further interesting quantity obtainable in adsorbate
calculations is the change of the adsorbate-induced dipole
moment as a function of adsorbate height. In a naive pic-
ture one would expect that for ionic bonding the dipole
moment p, changes linearly with the adatom height. For
a covalent bond the dipole moment should be approx-
imately constant (for small variations of the adsorbate
height). Indeed we find that this picture works. For Na
we obtain a nearly linear increase of the dipole moment
with increasing adsorbate height, and for Cl we obtain
a decrease. The dynamical charge, which is the slope of
p(d), is given in Table II and is in good agreement with
the jellium calculations of Lang and Williams. These re-
sults support again the usefulness of the ionic pictures
for Na and for Cl, and of the mainly covalent description
of Si adatoms with Al (111).

V. DISCUSSION OF THE COVERAGE
DEPENDENCE

In this section we give a short description of how the
character of the chemisorption bond changes with cover-
age. For this discussion we focus on the Na adsorbate.
The calculations for systems with finite coverage were
performed using the plane-wave supercell approach.

As in Sec. III we begin our discussion with the
adsorbate-induced density of states. Whereas the Green-
function approach gives this quantity directly, the plane-
wave calculations require an additional analysis. We
therefore project the wave functions of the adsorbate sys-
tem onto those of the free atom of the adsorbate. We
used eight special k points in the irreducible part of the
Brillouin zone of the 0 = 1/8 structure and smoothed
the calculated density of states by a gaussian broaden-
ing with 0.5 eV. The results, summarized in Fig. 7, show
that the density of states of the adsorbate broadens and
moves to lower energy with increasing coverage. Whereas
for low coverages the main peak is above the Fermi level,
we see that at 0 —1/3 the adsorbate-induced density
of states is cut by the Fermi level roughly at the center
of the broad peak. Thus, with increasing coverage the
adsorbate becomes less charged.

@zan 0

O = 1/4
pe 0

0 = 1/2

FIG. 8. Electron density for sodium on Al(111) for various
coverages. The 6rst contour lines are +0.25 x 10 bohr
(hatched regions) and —0.25 x 10 bohr (cross-hatched re-
gions) and the contour spacing is 1 x 10 bohr

This transition from a more ionic to a more metallic
bond is also re8ected in the adsorbate induced charge
density (see Fig. 8). The strong adsorbate-adsorbate in-

teraction due to the long-range dipole-dipole interaction
also results in a signi6cant decrease of the adsorbate-
induced dipole moment with increasing coverage. Even
for a coverage of 0 = 1/8 the dipole moment (p,
2.6 Debye) is reduced by = 40 % with respect to the
0 ~ 0 result (p = 4.0 Debye), and for 0 = 1/3
(p, = 1.1Debye) it is reduced by an additional = 60%
compared to the 0 = 1/8 result.

We would like to emphasize that the coverage depen-
dence shown in Figs. 7 and 8 (see also Refs. 31 and 33)
can be calculated and has some relevance for a more gen-
eral discussion. However, these results do not describe
what happens in reahty for Na (or K or Rb) adsorbates
on Al (111). For these systems there is no continuous
change from the ionic to the metallic bonding but an
abrupt phase transition into a condensed phase where the
adsorbates form a coexistence phase of densely packed is-
lands and gaslike atoms in between.

VI. SUMMARY

In this paper we presented self-consistent Gree+-
function calculations for a representative set of adsor-
bates on Al(111). We calculated total energies, forces,
the equilibrium geometry, electron density of states, elec-
tron charge density, and adsorbate induced dipole mo-

ments. When going from the left to the right of the
periodic table (i.e. , from the adatom Na to Si to Cl) we

find that the simple description of the adatom substrate
interaction in terms of the electronegativity difFerences
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is useful. It describes well the adsorbate-induced den-
sity of states and the charge rearrangement at the sur-
face. While the electronegativity concept is judged to
be useful we also emphasize that for adsorbates it will
typically not give an unambiguous quantitative descrip-
tion of the charge transfer. In this sense we think that
the criticism of the Langmuir-Gurney picture of alkali
adsorption, which can be found in the recent literature
(e.g. , Refs. 31—33), is built to a large extent on semantics.
As discussed in Sec. IV, the electronegativity concept is
useful in order to understand the density of states and
the electron charge density and to impress their behavior
on one's memory; but the quantitative amount of elec-
tron withdrawn or donated from one atom to another
one cannot be calculated in a unique way, nor can it be
measured. The Green-function calculations essentially
con6rm the results of Lang and Williams, who studied

a jellium substrate —although some quantitative diH'er-

ences occur for an Al(111) substrate. Our calculation
for isolated adatoms are then complemented by calcula-
tions for periodic adlayers. These results are obtained
with a supercell approach. For example, they show that
even at a coverage of 1/8 of a monolayer the adsorbate-
adsorbate interaction for adsorbed Na is large and the
adsorbate-induced dipole moment in the I/8 adlayer is
already reduced by 40% compared to that of the isolated
adatom.
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