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A self-consistent electronic-structure calculation of alkali-metal overlayers on the semi-infinite
jellium surface is performed within the local-density-functional theory combined with the em-
bedding-potential method. The results obtained confirm that the adatom charge state is very in-
sensitive to coverage (©), and also that the hybridization between adatom and substrate states
plays an important role in the adatom-induced dipole and its © dependence.

Alkali-metal adsorption on metal surfaces had been be-
lieved to be one of the few chemisorption systems whose
electronic properties could be understood well with a
simplified model.! Indeed, the ionic-to-neutral change of
adatoms with increasing coverage (©), originally pro-
posed by Gurney? and supported by model calculations -
based on the Newns-Anderson (NA) Hamiltonian,%” had
been accepted as a basic concept in this field for a long
time. Very recently, Ishida,® and Ishida and Terakura®
reported details of the electronic structure of alkali-metal
overlayers on the jellium and A1(001) surfaces, respec-
tively. It was shown that the depolarization field, a cen-
tral quantity which shifts down adatom resonances and
neutralizes adatoms at higher ©, is virtually absent, and
consequently, the adatom-charge. state is remarkably in-
dependent of ©. This was not in accord with the existing
simplified view.

The drawback of these later calculations was in the use
of a finite slab as substrate, enforced to keep translational
symmetry in the surface normal direction, which resulted
in spiky sharp peaks in the calculated adatom density of
states (DOS) at low O, thus making a precise location of
adatom resonances somewhat ambiguous. In this paper,
we perform a self-consistent electronic-structure calcula-
tion of alkali-metal overlayers on a truly semi-infinite jel-
lium and remove all the uncertainties involved in the slab

calculations. Although the calculational method is quite
different, the current work corresponds to an extension to
the finite-© regime of the well-known work of Lang and
Williams '®!! on single-atom adsorption on jellium.

The calculation is done within the local-density-
functional theory combined with the embedding method
of Inglesfield.'?> Figure 1 depicts the geometry used in
the present calculation.!® Only the embedded region with
b=z = b, is treated explicitly, and the effects of the bulk
jellium (z <b,;) and vacuum (z > b,) are expressed in
terms of the embedding potentials which act on two
embedding surfaces at z=5b, and b,. To describe electron
wave functions in the embedded region as well as their
logarithmic derivatives at the boundaries, the Green func-
tion G(r,r',e,0) =(r|[e+i6—H(©)] '|r') is expanded
by the nonorthogonal basis set,

1/2
Ok+Gn (1) = [%] expli(k+G)-xlsin(k,z) ,

bi=z=by), (1)

where k, =nn/l(n > 0), S is the area of the surface, and k
and G denote the two-dimensional wave vector and re-
ciprocal lattice vector, respectively. The matrix element
of the energy-dependent embedding potential at z =4, is
given as

H, (k+G,n;k+G',n'") =-}—[(k+G)2 —2¢]12sin(k,b)sin (kb ) 6.6 s ()

where the energy ¢ is measured from the bottom of the jel-
lium band, and the imaginary part of Hp, is chosen posi-
tive if 26> (k+G)? (through the paper, we use the atom-
ic units, m =e=~h =1, where the units of length and ener-
gy are 0.529 A and 27.2 eV, respectively). The matrix
element of the embedding potential at z=5, is obtained
by replacing ¢ in Eq. (2) by é— &, and b, by by, where
&vac 1s the potential barrier at the vacuum which should be
determined self-consistently. The latter embedding sur-
face was not considered in the recent formulation of
Inglesfield and Benesh,!*!® but is necessary in reproduc-
ing energy spectra above the vacuum level. The other ma-
trix elements of the Hamiltonian are calculated in a simi-
lar way as in standard slab calculations. We use the non-
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local norm-conserving pseudopotential'® for alkali-metal
adatoms.

In this paper, we show the results for Na overlayers on
the jellium with r;=2.1 a.u., which corresponds to the
bulk Al electron density. The overlayer is assumed to
form a square lattice with lattice constant a, and the dis-
tance between the jellium edge and Na atom is set equal
to 3 a.u. irrespective of ©.!7 Just for the sake of conveni-
ence, we define the coverage corresponding to a =8 a.u. as
©=1. The cut-off energy for the basis function (1) is 5
Ry, and self-consistency is assumed when the difference
between the input and output potential barriers at the vac-
uum becomes less than 0.15 eV. The calculated work
function shows a well-known characteristic © dependence:
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FIG. 1. The alkali-metal overlayer on the semi-infinite jelli- o
um. Only the embedded region with b =z =b, is treated ex- e 12
plicitly in the self-consistent calculation. g
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o
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an initial rapid lowering from that of the jellium, 3.8 eV, z 0
which is followed by a minimum, 2.3 eV at ©=}
(@=11.31 a.u.), and a subsequent small rise to 2.8 eV at
©=1. The adatom dipole d(©) at © =1 (¢ =17.89 a.u.), 12
the lowest O in the present calculation, is nearly five times
as large as that at © =1. Since quantities such as the 6
electron charge density and work function to which all the -
states below the Fermi level &r contribute are close to i _— L

those in the previous slab calculation,® we focus here on
the adatom-electronic state as a function of the one-
electron energy.

The full curves in Fig. 2 show the calculated total DOS
of Na, p,(¢,0) defined by

p.(6,0)=— —l-fdr[ImG (r,1,6,0)
T
—ImG(r,1,6,6=0)1, 3)

where the integration is done within a Na atomic sphere
with a radius R equal to 3.8 a.u.'® Qualitative features of
the results are insensitive to small differences of R. The
long-dashed, short-dashed, and dot-dashed curves in Fig.
2 show the decomposition of p,(g,0) into the s, p,, and p,
(py) partial DOS of Na, respectively. The calculated
pa(£,0) at © = £ is very close to that given by Lang and
Williams!! in the study of single Na atom chemisorption
on jellium, indicating that direct interaction among ada-
toms is negligibly small at ©=+. The main peak in
pa(£,0) ~1 eV above &r has been believed to be evidence
of the almost empty Na 3s state at low ©. However, Fig.
2(a) shows that it is actually a hybridized state of Na 3s
and 3p, rather than pure Na 3s. Due to the strong
adatom-substrate interaction, the two components do not
form separated peaks. As will be shown later, the peak
corresponds to an antibonding state with regard to the
adatom-substrate bonding which strongly polarizes to the
vacuum side of Na. On the other hand, the second peak
located ~2.5 eV above g is mainly due to the Na 3p;,
and p, resonances. They have longer tails than Na 3p,
and give some contribution to the occupied part of
p4(€,0). Figure 2(b) shows the total and partial DOS of
Na at ©=1% which is close to the work function
minimum. It is seen that, because of increased (but still
small) overlapping of neighboring adatom orbitals, the
peaks in p, (,0) are a little broader than those at © = +.
However, it is important that the deviation of p,(s,6)
from the corresponding one in the limit of ©—0 is a
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FIG. 2. The calculated total and partial state densities of Na
on the jellium with r; =2.1 a.u. at © =%, +, and 1. The total, s,
Pz, and px (p,) state densities are shown by solid, long-dashed,
short-dashed, and dot-dashed curves, respectively.
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FIG. 3. The calculated total DOS p,(&,©) and induced di-
pole density p4(£,0) of a Na adatom on the jellium with r; =2.1
a.u. The solid, long-dashed, dot-dashed, and short-dashed
curves correspond to © = +, 5, %, and 1, respectively.
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minor one as compared with the large lowering of the
electrostatic potential in the vacuum, which amounts to
1.5 eV at ©=+.'° This reflects the fact that the adatom
potential within an atomic sphere is actually very insensi-
tive to © by virtue of efficient screening of the high-
density metal substrate, as was clarified in the previous
slab calculations.®? The depolarization shift of resonant
levels based on the classical point-charge-transfer mod-
el373 is overestimated. On the other hand, large changes
in p,(¢,0) appear between © = 3 and 1, where the direct
interaction among neighboring adatoms rapidly increases.
It is seen that the main peak above &r found at lower ©
entirely disappears at © =1, corresponding to formation
of the broad Na valence bands. Simultaneously, the tail
of p,(&,©) in the low-energy side below &7 shrinks to some
extent as a result of the weaker adatom-substrate interac-
tion at higher © which follows the increased Na-Na in-
teraction.

Figure 3(a) summarizes the © dependence of p,(¢,0).
In spite of the rapid decrease of 4(©) with increasing ©,
the Na charge state n,(0), evaluated by integrating
pa(€,©) up to &f, is quite insensitive to ©: the increase in
pa(£,0©) near g with increasing © is mostly canceled by
its decrease in the tail region. Of course, the Friedel sum
rule ensures n,(6©) =1 irrespective of O if the integration
in Eq. (3) is done in all the space. However, what is im-
portant here is that n,(©) does not depend on © regard-
less of the choice of R. Moreover, n,(0©) is a little larger
than n,°(6) calculated for isolated Na layers irrespective
of ©, implying that the adatom region is essentially neu-
tral. In previous theories*>~> based on the NA Hamiltoni-
an, the adatom dipole was evaluated as 4(0)=DI1
—n,a(©)]. Therefore, the large change in n,(60) with ©
was prerequisite to the rapid decrease of 4(©). However,
d(©) should additionally include the polarization term
due to hybridization of the adatom and substrate states,
and should be written as

d©)=D [1 —Z(cjca>] +2;7ya,,<c,,*c,,>+c.c. , @)

where a and b denote the adatom and substrate states, and
D and p,, are dipole matrix elements.® The first term
disappears when adatoms are neutral, while the second
becomes the largest when g7 is located at the bonding-
antibonding boundary with respect to the adatom-sub-
strate bonding.

In order to examine the origin of d(6) as well as the
nature of adatom-substrate bonding, we calculate the in-
duced dipole density u,(g,©) defined by

1.(6,0) =— %fa’r(z —z)[ImG(r,1,6,0)
—ImG(r,r,6=0)1, (5)

where z, is the z coordinate of a Na atom, and the in-
tegration is done in the same atomic sphere as for
pa(€,0). The induced dipole within the sphere is obtained
by integrating u,(g,0) up to gr. The calculated u,(¢,0)
is shown in Fig. 3(b), where its positive sign designates an
inward polarization of electron wave functions which
leads to the build up of the charge density in the interface,
and thus work function lowering. Figure 3(b) shows that
the main peak in p,(g,©) at lower © is an antibonding
state whose wave function strongly polarizes toward the
vacuum side of Na as stated before.?’ At © =1 the
bonding-antibonding boundary in u,(g,©) coincides well
with gr, suggesting the formation of a metallic adatom-
substrate bond even at low © by the maximum use of
bonding states, as well as the important role of the second
term of Eq. (4). It should be noted that the positive
14(£,0) below &r comes from the mixing of Na 3s and
substrate states rather than the intra-atomic polarization
(3s-3p, mixing), since the Na 3p, state is located above &
at ©={. With increasing ©, the inward polarization of
electron wave functions below gr becomes smaller, which
results in a weaker adatom-substrate bonding and smaller
d(©) at higher ©. At the same time, one notices a small
shiftdown of the bonding-antibonding boundary in
14(£,©) with increasing © which accelerates the decrease
of d(©). As is seen from Fig. 2, the boundary roughly
corresponds to the lower edge of the Na 3p, band. There-
fore, the partial filling of the strong antibonding state,
which is above &r at low ©, owing to the increased Na
valence bandwidth may also play an important role in the
rapid decrease of d(©) and weakening of the adatom-
substrate bond with increasing ©.

In conclusion, we performed the first self-consistent
electronic structure calculation of alkali-metal overlayers
on the semi-infinite jellium. The results confirmed the ab-
sence of large depolarization shifts of adatom states as
well as the important role of the hybridization between
adatom and substrate valence states in the induced dipole
moment. The present calculational scheme may be appl-
icable to many other interesting chemisorption systems
whose substrate can be modeled by jellium.
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