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The electronic structure of alkali-metal adlayers on metal surfaces is studied by first-principles
calculations within the local-density-functional theory as a function of coverage (6). Hexagonal Na
layers with varying lattice constants are used as adlayers, and the substrate is modeled by the semi-

infinite jellium with r, =2, 3, and 4. The results obtained refine upon those in a previous work
where the substrate was approximated by a jellium slab [Phys. Rev. B 38, 8006 (1988)]. In spite of
the large potential lowering in the vacuum, the density of states in a Na sphere is rather insensitive
to 6, except that the atomiclike resonances at low 6 are broadened with increasing 6 because of
the formation of adlayer bands. For all the substrates, the bonding-antibonding boundary with re-

gard to the Na-jellium bonding coincides with the Fermi level at the lowest 6, which implies that
the covalency in the Na-jellium bond and the interatomic polarization term in the Na-induced di-

pole moment become the largest at the lowest 6. The rapid decrease of the dipole moment at
higher 6 is caused mainly by the direct Na-Na interaction due to the orbital overlap, which leads to
a stronger Na—Na bond and simultaneously to a weaker Na-jellium bond, rather than by the in-

direct dipole-dipole interaction.

I. INTRODUCTION

Although alkali-metal adsorption on metal surfaces is
one of the simplest chemisorption systems, the variety
and complexity of properties that alkali-metal adlayers
exhibit in the ground state as well as in the electronic ex-
citations are outstanding. ' In addition to the well-
known work-function variation with coverage (e) (num-
ber density of adatoms), newer subjects such as the ad-
layer plasmons at higher e, the promotion of catalyt-
ic reactions, ' the large enhancement of the eSciency
of the optical second-harmonic generation, " " and the
adatom-induced reconstruction of metal substrates' have
drawn interest of basic and applied surface scientists into
this field. Understanding of these novel phenomena
needs systematic theoretical studies covering a wide
range of e. The first breakthrough to this direction may
be to clarify the ground-state electronic structure of the
adlayer as a function of e from first principles. In the
previous paper, ' which will be referred to hereafter as I,
such an attempt was made for the first time. We studied
the electronic structure of Na and Li adlayers on a high-
density "jellium" surface' within the local-density-
approximation in the density-functional theory. ' ' It
was shown that the ionic adsorption model originally put
forward by Gurney' is not suScient to describe the
adatom-substrate {A-S) bonding, and that the covalent
aspect also plays an important role. Especially, it was
claimed that the 6 dependence of the adatom dipole mo-
ment that leads to the well-known work-function change
can be explained in terms of the polarization of the ada-
tom charge due to the orbital mixing of adatorn and sub-
strate states better than the conventional 6-dependent
charge transfer. These interpretations were in agreement
with the electronic-structure calculation of Wimmer
et al. for Cs/W{001) at the monolayer e. ' ' They

found that the Cs—W bonding is polarized covalent and
that the dipole moment on a Cs site is induced via the hy-
bridization of the Cs 6s and W Sd states. Recent experi-
ments " also support the model deduced from these
later first-principles calculations.

The drawback of the calculational method in I was in
the use of a jellium slab as a substrate. This approxima-
tion replaces the continuum one-electron energy spec-
trurn of the semi-infinite surface in the surface normal
direction by discrete levels. The interaction of these lev-
els and adsorbate states resulted in artificial spiky peaks
in the calculated density of states, making the precise lo-
cation of the resonant levels ambiguous and thus making
the comparison with spectroscopic experiments dificult.
In the present work, we perform electronic-structure cal-
culations for alkali-metal adlayers on the semi-infinite jel-
liurn surfaces to refine the results in I. Although the cal-
culational method is quite different, this work corre-
sponds to an extension to the finite-6 regime of the well-
known work of Lang and Williams, ' and Hjelmberg
et al. on single-atom chemisorption on the semi-infinite
jellium. (Short papers on part of the present work have
been published). ' The jellium model is not in particu-
lar meant to describe transition-metal substrates with lo-
calized d bands. Nevertheless, for properties such as the
work-function change which depends on the charge dis-
tribution only in an averaged way, there is no qualitative
difference between simple-metal and transition-metal sub-
strates. The jellium substrate may be therefore useful for
understanding the essence of properties which are insens-
itive to the exact nature of the substrate.

Currently, there is some debate on a few basic prob-
lerns on alkali-metal adsorption on metals and semicon-
ductors. One is whether the adatom is neutral or
positively charged, and another is whether the 3-S bond-
ing is covalent or ionic. As for the first question, part of
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the controversy seems to stern from the lack of rigorous
definitions for quantities such as ionicity and charge
transfer. As for the second one, we point out that the co-
valent and ionic bondings are not completely contradic-
tive concepts; the ionic bond is a limit of the strongly po-
larized covalent bond, and the bonding nature should
change continuously as a function of the difference in
electronegativity between the adatom and substrate. It
may be said that the recent first-principles calculations

exemplified significanc of the eovalency in the A-S bond
which had been ignored in the Gurney model.

The outline of the present paper is as follows. In Sec.
II we review shortly theoretical models of the alkali-
metal adsorption proposed so far. In Sec. III the adlayer
model in the present calculation and details of the calcu-
lational method are described. Section IV is the main
part of the present paper which contains the results and
discussion of the present calculation. Finally, summary
is given in Sec. V. We use the Hartree atomic units with
m =e =A'=1 throughout. The units of the energy and
length are 27.2 eV and 0.529 A, respectively.

II. IONIC AND COVALENT MODELS

The work-function decrease due to the alkali-metal ad-
sorption, b4(8), is given as b C&(8)=4m81 (8)/A,
where d (8) is the electric dipole moment induced on an
adatorn site due to the charge redistribution and A is the
area of the unit cell at 8=1. The appearance of a max-
imum in b,@(8) near half the monolayer coverage'
originates from a rapid decrease of d(8} with increasing
e.

The first model to explain this behavior was given by
Gurney. ' It is summarized as follows. The interaction
between the adatom and substrate orbitals due to their
direct overlap is weak, and its main effect is to broaden
discrete levels of an isolated alkali-metal atom into rather
sharp resonances. Because of the image shift, the
center of the valence s resonance is located above the Fer-
mi level (E~), and the s electron is mostly lost to the sub-
strate. Consequently, the adatom is strongly ionized at
low e. To keep the charge neutrality, screening charge is
induced in the metal side, which leads to the dipole mo-
ment given as

d, (8)=D 1 —g (C C, )

where a denotes the adatom state, and D is the distance
between the adatom nucleus and the image plane of the
substrate. The rapid decrease of d(6) at higher 8 is at-
tributed to the downward shift of the s resonance due to
the dipole field from surrounding adatoms (depolariza-
tion field), which makes the adatom under consideration
more neutral and therefore reduces d, (8).

According to Eq. (1), d, (6) is very sensitive to D.
Lang and Williams studied d(6) of Na, Si and Cl on
the jellium with r, =2 as a function of the jelliurn-adatom
distance. In their calculation, d (8) for Cl with the local-
ized valence orbitals was indeed small when the adatom is
put on the image plane of the substrate (D=O), whereas
d (6) for Na at D=O was about 60% of that at the equi-

librium Na-jelliurn distance. This means either that Eq.
(1) is not good as the expression of the ionic part of the
dipole moment for Na with the extended 3s state espe-
cially when D is small, or that the dipole moment of
another physical origin such as discussed in the below
contributes appreciably to d (6).

To take account of the large polarizability of an isolat-
ed alkali-metal atom, Muscat and Newns added the
intra-atomic polarization term,

d, (6)= y X..(C'.C., )+c.c. ,
a, a'

(2)

to the expression of d(8) in their model calculation
based on the Anderson Hamiltonian. (They considered
the mixing of the valence s and p, states. } The dipole
field from surrounding adatoms induces d2(8) in the op-
posite direction to d, (8), which accelerates the rapid de-
crease of d (8) at higher 8.

It was explicitly shown in I that d (8) should also in-

clude the interatomic polarization term,

d3(8)= g p &(C C&)+c.c.
a, P

where P denotes the substrate state and p &
is the dipole

matrix element. This term reAects the covalency in the
A-S bonding, i.e.,

F-, = g V p ( C Cp ) +c.c. ,
a, P

where V &
is the off-diagonal matrix element of the Ham-

iltonian. It was ignored in the previous model calculation
based on the ionic adsorption picture. Its origin is the
polarization of one-electron wave functions on the ada-
tom site toward the interface (vacuum) side which is
characteristic to the bonding (antibonding) state with
respect to the A-S bonding. In case of the alkali-metal
adsorption, the hybridization between the alkali-metal
valence s orbital and the substrate orbital, whose tail has
the p, component when expanded on the adatorn site, can
induce a charge redistribution from the vacuum to the in-
terface side of the adatom. Equation (3) takes a max-
imum value when the bonding-antibonding (B A) bound--
ary regarding the A-S bonding coincides with EF, i.e.,
when the covalency E, becomes the largest.

For a symmetric s resonance whose center coincides
with the B Aboundary, d3(-8) becomes the largest when
the resonance is half filled, i.e., when the adatom is neu-
tral. Therefore d, (8) and d3(8) show very different be-
haviors as a function of the location of the resonance
center relative to FF (see Fig. 2 in I). The covalency in

such a simple resonance takes a maximum value when
there is no ionieity. As another example, we consider
here the two-level system shown in Fig. 1. We assume
that both the a and P sites have one electron when they
are separated. The wave functions of the bonding and
antibonding states are written as Pz=C, P +Czars and

P, =Czar —
C&P&, respectively (C, +Cz.= 1 and Cz) C&

if c. ) e&.) If the occupation numbers of Pb and P, are nb

and n, (nb+ n, =2), we have

d, =D (C~ —C', )(n„n, )/2—
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and

d3=2p &C, C2(ns n, ) . —

Hence, d, (6) and d3(6) are proportional to each other
in this case; both terms becomes the largest when P& are
fully occupied, and the filling of the antibonding state P,
decreases the ionicity and covalency of the molecule
simultaneously.

In case of the Cs adsorption, Wimmer et al.
showed that the counter polarization of the Cs Sp core
orbital also contributes to d(8). The effect may become
smaller for lighter alkali-metal atoms with deeper core
levels.

fb= &i ')t~+'2'

FIG. 1. Level scheme for the two-level system made of a and

P sites with different site energies, s, and s&.

~eUium
adatom

Zj
I

a

FIG. 2. Alkali-metal adlayer on the semi-infinite jellium sur-
face. Only the embedded region with b l z ~ 62 is treated ex-

plicitly in the self-consistent calculation.

n(r, 8)= g g n(G, m)exp(iG x)cos(k z),
G rn&0

rithmic derivatives at the embedding surfaces, the Green
function

G(r, r', s, k, 8)=(r~[s+i5 —H(k, 8)] ' r'}

is expanded in terms of the nonorthogonal basis set

P„+&„(r)=&2/SI exp[i(k+G) x]sin(k„z),

bi «z «b2 (4)

where k„=nvrlI (n ~1), S is the surface area, and k
and 6 denote the two-dimensional wave vector and
reciprocal-lattice vector, respectively. Corresponding to
Eq. (4), the electron charge density is expanded in the
form,

III. MODEL AND CALCULATIONAL METHOD
b, ~z~b2 . (5)

Our model is an extension of the work of Lang and
Williams, ' and Hjelmberg et al. on the single-atom
adsorption on jellium to finite coverages. We calculate
the electronic structure of alkali-metal adlayers on semi-
infinite jellium surfaces by a first-principles method
within the local-density-functional approach. The meth-
od is a fully three-dimensional one which introduces no
approximation such as taking the average of the potential
energy in the planar direction, and the presence of the
semi-infinite substrate and the vacuum is taken into ac-
count by using the embedding method of Inglesfield.
Figure 2 shows the calculational geometry. Only the em-
bedded region with b, ~z b2 is explicitly treated, and
the effects of the bulk jellium (z «b, ) and vacuum
(z )b2) are expressed in terms of complex embedding po-
tentials acting on the two embedding surfaces at z =b,
and z =b2.

To describe one-electron wave functions and their loga-
I

4~n, (G, m)
VH(G, z)= g, cos(k z)

)o G +k

Given an input charge density, the Hartree potential for
a nonzero G component is calculated directly as

b,
VH(G, z}= I dz'exp( —

~G~ ~z
—z'~)n, (G,z'}, ( )

G bi

where

n, (G, z)= g [n(G, m)+n, (G, m)

+n (G, m)]cos(k z) .

In Eq. (7), n, (G, m) and n (G, m) are the coefficients of
the core charge density of adatoms and the background
positive charge of the jellium expanded in the same form
as Eq. (5), respectively, ' We use the norm-conserving
pseudopotential for alkali-metal ion cores. In this case,
n, (G, m) represents the local part of the pseudopotential.
Equation (6) leads to

2rin, (G, m)

o ~G~ +k exp[ —~G~(z b, )] cos(k„b, )+ — sin(k„b, )

k„
+exp[ —~G~(b2 —z)] cos(k„b, }—, si (k„bn~)
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to n, (G=O, z), where n, (z) is a model charge density lo-
calized in the interval [O, b& ] and normalized to unity. c,
is determined through the constraint that the total charge
within the region 0 z b, , vanishes, which leads to the
equation

bl

c, = —f dz n, (G=O, z) . (10)

The final potential energy does not depend on the choice
of n, (z) as far as sufficiently large m values are kept in

the expansion equation (9). In the actual calculation,
2 sin (mz/b, )/b, is used as n, (z). In the same way, a lo-
calized model charge density c2n~(z) is added to
n, (G=O, z) to neutralize the region b2&z&1. We use
2 sin [m(l —z)/(l b2)]/(1 ——b2) as n2(z).

Since the embedding calculation for a fixed E~- assumes
no charge neutrality of the system, the embedded region
b, z b2 becomes positively or negatively charged un-

less the charge density is calculated with the self-
consistent input potential. There should be a net charge
in the jellium side which exactly cancels the excess
charge in the embedded region. The dipole layer formed
by these excess charge densities in the embedded region
and in the jellium side works as a restoring force toward
the charge neutrality in the next iteration. To take ac-
count of this effect, we also add q, n, (z) to n, (G=O, z)
where q, is determined by

b,
q, = —f dz n, (G=0,z) .

1

The Hartree potential for G=O is then calculated as

Vn(G=O, z)= g [ n, (G=O, m)+(c, +q, )n, (m)
4'

m~1 ]n

+c2n, (m)]cos(k z)+ Vo, (12)

where Vo is adjusted so that the total potential energy be-
comes continuous at z =b&. After the convergence, the
charge neutrality in the embedded region is conserved up
to the order of 10 ' or 10 of the total positive charge
in the embedded region.

The exchange-correlation potential is expanded in the
same form as Eq. (5). The expansion coefficients are
determined by evaluating the potential energy at sam-

pling mesh points in the unit cell and taking the Fourier
transform. The matrix elements of the Hartree and
exchange-correlation potentials are then calculated
analytically. The matrix element of the kinetic-energy
operator is given as

The latter two contributions are actually two or three or-
ders of magnitude smaller than the first one, and are not

important.
The calculation of the Hartree potential for G=O

needs special care. It cannot be evaluated simply as the
first term of Eq. (8) because this term includes the electric
field due to the unphysical charge densities in the regions,
0 z b, and b 2 z l. To remove the electric field

from the former region, we add

c, n, (z)=c, g n, (m)cos(k, „z)

H„;„(G,n;G', n')

(k+G)~
dz sin(k„z)sin(k„. z)5G o,

bl

k„k„.+ dz cos(k„z)cos(k„.z)5o o, . (13)

Xsin(k„bz)sin(k„bz)5o G, (15)

where the imaginary part of Hb and Hb is chosen nega-
I 2

tive. The Green function is obtained by the inversion
of cS—H, where H and S denote the Hamiltonian and
overlap mat', rices, respectively. The output charge densi-

ty is calculated from the Green function as

2dk E,
n (r, e)= ——f f dE ImG(r, r, e, k, e),

(2~)'

where the k integration is performed in the surface Bril-
louin zone, and the prefactor 2 accounts for spin degen-
eracy.

We use the higher-dimensional Anderson method re-
formulated in the language of the quasi-Newton method
by Blugel for the mixing procedure toward self-
consistency. In this method, the input and output charge
densities in all the previous iterations are used to generate
the input charge for the next iteration. The iteration pro-
cedure is continued until the difference between the input
and output surface dipole layers becomes less than 10
a.u. In the actual calculation, the embedding parameters,
b, , z,-, b2, and l are set equal to 2, 10, 24, and 26 a.u. , re-
spectively. With these values, the electron density near
z =b2 is of the order of 10 a.u. , which is sufficient for
the convergence of the surface dipole layer. Also the
thickness of the embedded jellium slab, z —

b& =8 a.u. is
sufficient for the convergence of the bulk electron density
because of the efficient metallic screening. The cut-off en-

ergy for the basis-set equation (4) is chosen as 5 Ry,
which leads to —1250 basis functions for the lowest 6 in
the present calculation. This cut-off value is large enough
for Na for which we show results in the next section.

Since the potential energy is constant in the bulk jellium
(z &

b& ) and in the vacuum (z ~ b2), the z part of the
one-electron wave function for a given (k+G, E) is given
by exp( ik, z—) with k, =[2e—(K+G) ]'~ for z &b„
and by exp(ik, 'z) with k,'=[2(E—e„„)—(K+G)2]'~ for
z ~ bz. Here the one-electron energy c is measured from
the bottom of the jellium potential, and c„„is the poten-
tial barrier at z =b2 which is determined self-
consistently. The matrix elements of the energy-
dependent embedding potentials at z =b, and z =b2 are
obtained from the logarithmic derivatives of these wave
functions at the embedding surfaces. They are given as

[(k+G) —2e]'b, n, , fl
l

X sin(k„b& )sin(k„b, )5G G, (14)

and

[(k+G) —2(E —E„„)]'
H~ (G, n;G', n')=
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However, higher cutoff energies may be necessary for
heavier alkalimetals (K, Rb, and Cs) in order to describe
their low-lying valence d states. The cut-off energy for
the potential energy is 20 Ry for nonzero G components,
whereas it is chosen as 324 Ry for G=O. Such a large
value is necessary for G=O to make the expansion equa-
tion (9) well converged.

Na/jeiiiurn r~=2
i4

=17
I

IV. RESULTS AND DISCUSSION

In the present paper we show results for hexagonal Na
adlayers. Although the adlayers were assumed to form
square lattices in I, there is no qualitative difference in
electronic properties between the hexagonal and square
adlayers because alkali-metal atoms have only extended
valence s electrons. In I, the jellium with r, =2.1 was
used to simulate a high-density metal substrate. To ex-
amine to which extent the results in I are general, we
study here three jellium substrates with r, =2, 3, and 4,
whose positive background density is roughly equal to
the free-electron density of Al, Ag, and Na. The work
function of these jellium surfaces are 3.9, 3.5, and 3.0 eV
for r, =2, 3, and 4, respectively. Given a nearest-
neighbor Na-Na distance a ~, the only one free-parameter
is the distance between the Na nucleus and the edge of
the background density of the jellium D„. The total-
energy calculation at a~~=9.35 a.u. gave D„=3.1, 2.7,
and 2.5 a.u. as the equilibrium Na-jellium distance for
r, =2, 3, and 4, respectively. It was shown in I that the
adlayer shows a small outward relaxation with increasing
8 because of the weakening of the A-S bonding. Howev-
er, as the magnitude of this relaxation is much smaller
than the orbital size of Na 3s, the electronic structure of
the adlayer changes only rather little within this relaxa-
tion range. To save the computational work, the same
D„values as for a~~

=9.35 a.u. are used for the other cov-
erages.

A. Charge density and work function

Figure 3 shows contour maps of the charge density
n (r, 8) for several Na adlayers on the jellium with r, =2
on the vertical-cut plane containing nearest-neighbor Na
atoms. The positions of the jellium edge and Na nuclei
are indicated by an arrow and solid circles, respectively.
In the planar direction, the charge density varies appreci-
ably with 0: The outermost density contours at aj =7
a.u. are mostly parallel to the surface, reAecting the me-
tallic nature of the adlayer, whereas the corresponding
ones at a~~

=17 a.u. near Na nuclei are highly corrugated
and atomiclike. Perpendicular to the surface, the Na
valence charge, which acts as electron cloud that screens
the positive ion cores, is slightly polarized toward the
metal side of the adlayer regardless of 8.

To see this effect more clearly, we calculate the
difference charge 5n (r, 6) defined as the charge density
of the Na-covered jellium surface minus the superposed
density of the clean jellium surface and the isolated Na
layer. The work-function change 64(6) is related with
5n (r, 6) by 64(6)=4m fdrz5n (r, 6)IS. Figures

q, =i2

a =8.5
II

w3

0 =7
I &' t()

II fg

iQ l5 2Q
Z{a.u.)

FIG. 3. Contour maps of the charge density n (r, e) for hex-
agonal Na adlayers on the semi-infinite jellium with r, =2 in a
plane normal to the surface containing nearest-neighboring Na
atoms. The contour spacing is 1.2X 10 a.u. The solid circles
and arrow indicate that the Na core and edge of the jellium sub-

strate, respectively.

4(a)—4(c) show contour maps of the calculated 5n(r, 6)
for several Na adlayers on the three-jellium substrates.
Here the solid and dashed contours correspond to posi-
tive and negative values of 5n (r, 6), and the contour
spacings are 5 X 10 and 2. 5 X 10 a.u. for solid and
dashed contours, respectively. The contour map at the
lowest 8 for r, =2 is very similar to that given by Lang
and Williams for the single Li atom on the same sub-
strate, which implies the direct Na-Na interaction is very
small at this e. The polarization arrangement of the Na
valence charge toward the metal side is seen in Fig. 4 as
the increase and decrease of charge in the interface and
vacuum side of Na, respectively. The charge depletion
area also appears in the jellium side. It becomes more ex-
tended into the bulk with increasing r„since the electron
gas with lower density has a larger screening length. The
charge buildup in the interface and the depletion in both
sides of the interface indicates formation of the Na-
jellium bond. For a fixed 6, 5n (r, 6) for the three r,
values are similar with one another, except that the am-
plitude of 5n (r, 6) is enhanced with decreasing r, . As a
result, the adatom dipole moment d (8) at a fixed 8 be-
comes larger for the jellium substrate with smaller r,
(larger work function). For a fixed r„ the polarization ar-
rangement of the Na valence charge is seen to become
weaker with increasing e: The amplitude of the charge
depletion in the vacuum side of Na becomes smaller, and
at the same time, its centroid shifts toward the Na plane.
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FIG. 4. Contour maps of the difference charge 5n (r, e) for hexagonal Na adlayers on the semi-infinite jellium with (a) r, =2, (b)

r, =3, and (c) r, =4 on the same vertical-cut planes as in Fig. 3. The solid and dashed contours correspond to positive and negative
values of 5n (r, e), and the contour spacings are 5 X 10 a.u. and 2. 5 X 10 a.u. , respectively.

These behaviors result in a rapid decrease of d(8} with
increasing e.

The calculated work function 4(8) and d(8) are
shown in Fig. 5 as a function of e for the three jellium
substrates. Here, just for the sake of convenience, the Na
coverage is measured relative to the coverage correspond-

ing to a~ =8.5 a.u. (6 ). The work-function curves
reproduce the observed well-known behavior, i.e., a rapid
decrease at lower 6, which is followed by a minimum and
a subsequent weaker rise toward saturation values. It is
interesting that rtr(8) at the highest 8 depends very little
on the substrate, although there is —1 eV difference in
4(8) at 8=0 among the three curves. It may be said
that the effect of the substrate is screened out by the ad-
layer when the surface is mostly covered by adatoms.

C0
C

L

Q

I I I I I I

B. Adatom density of states

The structure of the Na-induced resonant levels was
not surveyed into very details in I because of the slab ap-
proximation for the substrate. The ambiguity is lifted in
the present semi-infinite calculation. We study the ada-
tom density of states (DOS) defined by

Cl~ 2

E )

09.
0

0'
0 05

coverage 8/8m

FIG. 5. Calculated work-function 4(6) and adatom dipole
moment d(O) for the hexagonal Na adlayers on three jellium
surfaces.

p, (e, 8)= ——I I dr[ ImG(r, r, E, k, 6)1 2dk

(2rr }2 R

—ImG (r, r, e, k, 6=0)],

where the volume integration is performed in the Na
atomic sphere with radius R. Qualitative features of
p, (E,6) are insensitive to the small difference in R, and
we use R =3.5 a.u. The solid curves in Figs. 6(a)—6(c) are
p, (E, 8) of Na on the three jellium substrates. The
dashed, dotted-dashed, and dotted curves show the
decomposition of p, (e, 9) into the s, p~~(p, +p ), and p,
partial DOS, respectively. The calculated p, (E,6) at
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a~~
=17 a.u. on the jellium with r, =2 is very similar to

that given by Lang and Williams in the low-6 limit.
First, we discuss behaviors at low coverages. For r, =2

and 3, the calculated p, (s, B) has two atomiclike peaks
above EF, whereas they are not well separated for r, =4.
The lower peak corresponds to a hybridized state of Na
3s and 3p, . The two components do not form separated
peaks because of the strong A-S interaction. It will be
shown later that this resonance is an antibonding state
with regard to the 3-S bonding whose wave function is
strongly polarized toward the vacuum side of Na. On the
other hand, the second peak is mainly due to Na 3p~~.

With increasing r„ the peak positions of the s- and p~~-

DOS shift gradually to lower energies, whereas that of
the p, DOS remains nearly unchanged. At r, =4, which
corresponds to the adsorption of Na on Na, the s DOS is
fairly symmetric with respect to EF, and the energy
difference between the

p~~
and p, DOS is not so large as

those for r, =2 and 3.
Next, we discuss the 6 dependence of the adatom

DOS. For a fixed r„ the calculated p, (E,B) shows only
minor changes roughly up to the coverage of the work-
function minimum (a~~=12 a.u. ) in spite of the large
lowering of the electrostatic potential in the vacuum.
The peak position of the s-p, hybridized state shifts a lit-
tle downward with increasing 6, since its wave function
is strongly polarized toward the vacuum and therefore
can feel the potential lowering in the vacuum. On the
other hand, larger changes in p, (E,B) occur for cover-
ages higher than the work-function minimum: The atom-
iclike peaks in p, (c.,B) at low 8 disappear rapidly, corre-
sponding to the formation of broad adlayer bands due to
the large orbital overlap among nearby Na atoms. The
upper panels of Fig. 7(a)—7(c) summarize the 8 depen-
dence of p, (s, B) for Na adlayers on the three jellium
substrates. As compared with the rapid decrease of d (8)
with increasing 8, the occupied part of p, (s, B) is re-
markably insensitive to 6. This means that the adatom
dipole moment is caused mostly by the charge redistribu-
tion within the Na atomic sphere and that the charge
Aow to the region outside the sphere is very small.
Therefore if the Na charge state n, (B) is evaluated sim-

ply as the area of the occupied part of p, (s, B), it is quite
insensitive to 6. Of course, the Friedel sum rule ensures
n, ( 8)=1 if the volume integration in Eq. (17) is per-
formed in the entire unit cell. Thus we need examine
n, (6) as a function of R. Figure 8 shows n, (6) of Na on
the three jellium substrates for several R values. They
are compared with the number of electrons in the same
sphere calculated for the isolated (neutral) Na layers,
n;„(8) (dotted lines). Both n, (B) and n;„(8) increase
rapidly at very high 6 because of the significant orbital
overlap among nearby adatoms. Despite the appreciable
difference in p, (s, B) among the three substrates, the cal-
culated n, (8) for the three substrates can be seen very
close to one another. They are a little larger than n,„(6)
for R ~ 3 a.u. in some intermediate coverages. More im-

portantly, they are remarkably close to n;„(6) even for
such a small R value as R =2 a.u. where the sphere con-
tains only less than 0.1 valence electrons. In this sense, it
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FIG. 8. Na charge state n, (e) defined by the area of the oc-
cupied part of p, (c,,e) for several values of the sphere radius R.
The dotted lines show n „„(e)calculated for isolated Na layers.

is not appropriate to claim that the Na atom is positively
charged. This result is in consistent with the recent
core-level measurement of Riffe, Wertheim, and Citrin
for the W(110) substrate where the core-level shift of the
surface W atoms due to Na, K, and Cs was found negligi-
bly small as compared with that caused by O.

In Fig. 9 we plot the s part of the total potential ex-
panded at a Na site which gives the site energy of s orbit-
als in the LCAO (linear combination of atom orbitals) ap-
proach. It is seen the total s potential is very insensitive
to 6 within the Na atomic sphere in spite of the large
lowering of the electrostatic potential in the vacuum.
Physically, this implies that the Na atom is actually ad-
sorbed at a position where the screening of the metallic
substrate still works so ef5ciently that it feels the poten-
tial lowering in the vacuum very little. In fact, around
the potential minimum (R-2.2 a.u.), the s potential
takes the lowest value at a~~

=17 a.u. although the poten-
tial lowering in the vacuum becomes the largest at a~~

=12
a.u. The 6-independent s potential in Fig. 9 is in ac-
cord with the absence of a large change in n, (6) with in-

creasing 6.
It might be claimed that part of the charge in a Na

sphere should be attributed to the image charge. Indeed,
in first-principles calculations where adatom and sub-
strate orbitals such as used in model analyses based on
the Anderson Hamiltonian ' ' cannot be uniquely
defined, it is impossible to divide the calculated p, (e, B)
into the screening charge of the substrate and the true Na
valence state in a unique way. (This is especially the case
for alkali-metal atoms which have very extended valence
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necessary for the comparison with experiments.

To examine the energy dispersion of the adlayer bands,
we calculate
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orbitals that significantly overlap with substrate orbitals. )

Moreover, these two components cannot be separated
even in any experiments such as photoemission,
metastable-He* deexcitation, and core-level shift. There-
fore it may not be very fruitful to try to determine the ex-
act value of the ionicity or charge transfer, as far as we
do not have rigorous definitions for these quantities. The
present result that n, (8) is very close to n;„(8) even for
small R and 8 may not necessarily signify that the Na
charge state as defined in the Anderson-type model calcu-
lation is close to neutral. The chemical trend seen in

p, (s, 8) at low 8, such that the peak position of the s-

partial DOS shifts to higher energies relative to EF with
decreasing r„may indicate the increase of the ionic con-
tribution to the A-S bonding for the substrate with the
larger work function. Nevertheless, since the depolariza-
tion field at the Na site is very small, at least, it is sure
that the rapid decrease of d (8) for the present system
cannot be explained merely in terms of the adatom neu-
tralization due to the dipole-dipole interaction.

C. Formation of adlayer bands

The disappearance of atomiclike resonances in p, (c,0)
at higher 6 indicates formation of the broad adlayer
bands. Recently, Horn et al. ' succeeded for the first
time in observing a partially occupied free-electron-like
band for the ordered (/3Xv'3)R30 K monolayer on
Al(111). On the theory side, some of previous slab cal-
culations predicted the existence of such free-electron-
like bands derived from the alkali-metal valence
states. ' However, slab calculations give no informa-

l ~~ !

l 2
R {a,u,)

FIG. 9. s part of the total adatom potential for a Na atom on
the semi-infinite jellium with r, =2. R denotes the distance
from the Na nucleus, and the potential energy is measured from
Eq-.

p, (k, r, 8)= ——f dr lmG(r, r, s, k, 6) .
2

R

Here, for the better comparison with photoemission spec-
tra, we do not subtract the density of states of the jellium
substrate [second term of Eq. (17)] in the definition Eq.
(18). The solid curves in Figs. 10(a) and 10(b) show

p, (k, s, 8) for the Na adlayer with a~~
=9.35 a.u. on the

jellium with r, =2 along the I -E and I -M lines in the
surface Brillouin zone (SBZ), respectively. The lattice
constant corresponds to that of the (&3X /3)R 30'
monolayers on Al(111). p, (k, s, 8) has much richer
structures than p, (s,8) in Fig. 7. The lowest peak, con-
tributed by s and also by the p, state in its upper half,
disperses upward with increasing k, and crosses EF
around the middle of I -M and I -E. Its dispersion below
EF is in good agreement with the experimental one of
Horn et al. ' In contrast to the case of the isolated Na
monolayer, the p, resonance is greatly broadened, and
does not form a separated peak in p, (k, s, 8). The p~~-like

peak is located 6.4 eV above EF at I . Its lowest branch
disperses downward and nearly degenerates with the s-
like band at K and M. If the peak energies of p, (k, s, 8)
are plotted as a function of k, one finds that the resultant
band structure is very close to that of the two-
dimensional free-electron gas folded in the hexagonal
SBZ. The formation of free-electron-like bands at
higher 8 is not a very obvious fact because they originate
from rather weak Na ion core potentials and are easily
modified by stronger substrate potentials. ' One in-
teresting point is that the calculated band structure has
very small energy splittings at zone boundaries; the s and

p~~
resonances are almost degenerate at K and M, while

the corresponding energy splitting for the isolated Na
layer amounts to -0.5 eV. This is not unexpected
since the wave functions of the resonances are delocalized
into the substrate and therefore feel the periodicity of the
Na potentials less than those in the isolated layer. Here
it may be worth commenting that for heavier alkali-
metals (K, Rb, and Cs), the energy dispersion of the ad-
layer band structure may be modified from that of the
free-electron gas, especially for the unoccupied part be-
cause of the low-lying alkali-metal valence d states.
For example, Chubb et al. ' showed that the interaction
between the Cs d and Mo d states induces a large Cs d
component in the surface DOS near EF, and consequent-
ly increases the d charge in the adlayer.

Figure 10(c) shows p, (k, e, 6) at a lower 6 correspond-
ing to the work-function minimum along I -E. Although

p, (s,8) at this 8 in Fig. 6(a) still appears atomiclike, the
s-band width along I -K already amounts to 1.1 eV. The
s-band width for the corresponding isolated Na layer is
0.95 eV, so that the transfer energy between the neigh-
boring Na sites is a little enhanced as compared with that
in the isolated layer owing to the indirect interaction in-
termediated by the substrate states.
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Horn et al'. also studied the normal photoemission
spectra of K/Al(111) as a function of the K coverage.
The spectra showed a quite different 8 dependence from
that observed in the Penning experiment of Woratschek
et al. for Ke a . or /Cu(110). The latter experiment suggested55

appreciable occupation of K 4s even in the lowest 8,
whereas the photoemission spectra showed a clear signal
o K 4s only at higher 8. A qualitative argument for this
discrepancy was given by Horn et al. ' in terms of the
formation of adlayer bands and the different cross sec-
tions in the two experiments. Here we t twe ry o g&ve amore
quantitative explanation to resolve the different behaviors
in the two experiments. Figure 11 shows (k E 8)

( ) which may correspond to the normal emission
spectra in photoemission for several Na adlayers on the
jellium with r =2. ThThere is a good agreement between
the experimental data of Horn et al. ' and Fig. 11 below

For lower 8, they show only a tail-like structure
which is difficult to identify in experiments, whereas a

istinct peak appears for higher 8. However, this does
not indicate the depolarization shift of the adatom state,
but originates from the increase in the Na bandwidth
with increasing 8. On the other hand

'
Pan, in enning experi-

ments, because of the lack of the k conservation, the ex-
perimental spectra may be better compared with the total
adatom DOS. Then the rather 8-independent p, (E,8) in
Fig. 7 is again in good agreement with the observation of

17

EF

L
U

a)) 9.35
ld
C)

Il

~.a =8.5Q
Il

-6 -4 -2 0 2
E-EF (eV)

FIG. 11. k c. p, (,c,8 ) at k =0 for several Na adlayer on the 'el-

lium with r, =2.
n eje-
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Woratschek et al. where the intensity of the K 4s reso-
nance increased almost linearly with increasing 8. To be
accurate, the K 4s intensity was found to increase more
than linearly at higher 6 in their experiment. However,
this can be also understood as the matrix element effect,
since the Na valence charge is less polarized toward the
metal at higher 6, and therefore has a larger orbital over-
lap with the incoming metastable He* atoms.

(&) larger Q
ll

D. Dipole density of states
(b)srnaler a

In order to examine the origin of d(8) as well as the
nature of the Na-jellium bonding, we calculate the dipole
DOS p, (e,8) which is defined in the same way as

p, (E,8) except for an extra factor of (z —z, ) in the
volume integral of Eq. (17). The induced dipole moment
within the sphere is obtained by integrating p, (s,8) up
to E~. It was found in I that p, (E,8) shows very similar
c dependence as another off-diagonal quantity, "bond-
order" density. The calculated p, (s,8) for the three jel-
lium substrates are shown in the lower panels of Fig. 7.
The positive (negative) sign of p, (s,6) indicates polariza-
tion of the one-electron state toward the interface (vacu-
um) side of the adlayer, and thus the state can be regard-
ed as a bonding (antibonding) state with respect to A-S
bonding. It is seen that the atomiclike resonance at low
8 above 1 eV above E~ (the s-p, hybridized state for
r, =2 and 3) is an antibonding state whose wave function
is strongly polarized toward the vacuum side of Na
atoms, as stated before. The occupied states are, on the
other hand, polarized toward the interface, which thus
leads to the bond charge in the interface shown in Fig. 4.

Despite the work-function difference of nearly 1 eV
among the three jellium surfaces, the 8-A boundary in

p, (c,, 8) coincides well with E~ at the lowest 8 for all the
substrates. Such a rapid change of the sign of p, (c,, 6) at
E~ may not be expected for the substrates with r, =2 and
3, as the corresponding p, (E,8) is smooth near E~, show-

ing no particular structure. The coincidence of the 8-A
boundary with E~ implies that the covalency in the A-S
bonding (E, ) and the interatomic polarization term
d3(8) become the largest at the lowest 8, independently
of the kind of the substrate. In the classical model, the
downward shift of the s resonance by the depolarization
field was believed to increase E„and it was sometimes
stated that the A-S bonding changes from ionic to co-
valent with increasing 6. However, the above results
show that a partial filling of the unoccupied part of the
resonance, if any, via the indirect or direct Na-Na in-
teraction actually decreases E„since it corresponds to
the strong antibonding state. The reason why the B-A
boundary coincides with EI; in the low-6 limit regardless
of the kind of the substrate is not very clear at present.
At least, it is sure that such a structure of the resonance
is suitable to gain a larger adsorption energy. The situa-
tion is similar to the diatomic molecule with the filled
bonding state P& and the empty antibonding state P, as
discussed in Sec. II.

It was shown in Sec. IVB that the 6 dependence of
d (6) cannot be explained merely in terms of the conven-

t J2 Ap 2 J2 /&p

FIG. 12. Schematic illustration of the electronic structure of
two alkali-metal adatoms when the orbital overlap of the two
atoms is (a) small and (b) large.

tional ionic-to-neutral change of adatoms due to the
dipole-dipole interaction. Here, we show that the direct
Na-Na interaction due to the orbital overlap instead
plays a dominant role in the rapid decrease of d(8).
First, we give a schematical explanation. Let us consider
two Na atoms on the jellium surface. When they are well
separated, the B-A boundary in p, (s,6) for each atomic
resonance P, (i=1,2) coincides with E~ Thus e.ach atom
has the largest d (8) by the maximum use of the bonding
states polarized toward the interface [Fig. 12(a)]. With
the decreasing Na-Na distance, the two atomic reso-
nances split into the bonding (m, ) and antibonding (m2)
molecular resonances because of the increase of the
transfer energy between the two sites. In this case, part
of the strong antibonding states polarized toward the vac-
uum is occupied for m, , whereas part of the bonding
states is unoccupied for m2 [Fig. 12(b)]. The two effects
work cooperatively to decrease the induced dipole mo-
ment per adatom drastically. These effects can be seen
only indirectly in Fig. 7: the amplitude of p, (s,8) below

Ez becomes smaller, and the 8-A boundary shifts slightly
downward with increasing 6. To prove the above-
mentioned mechanism more directly, we decompose

p, (s, 6) in k space. Figure 13 shows the k-resolved di-

pole DOS, p, (k, s, 6) for the Na adlayer on jellium
(r, =2) at a~~

=8.5 a.u. along the I -IC line. The bonding

(m I ) and antibonding (mz) molecular resonances in Fig.
12 correspond to the I and K points, respectively. The
B Aboundary in p,-(k, E, 8) disperses upward with in-

creasing k, corresponding to the energy dispersion of the
resonance as shown in Fig. 10. It is seen that the strong
antibonding resonance is actually mostly occupied at I,
whereas part of the bonding states are unoccupied at K.
This result is fully in accord with the qualitative explana-
tion in Fig. 12.

The mechanism for the decrease of d (6) presented in
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0

k =(0,0)

with the alkali-metal d states for heavier alkali-metals (K,
Rb, and Cs), and contribute to E, and d~(8) [Eq. (3)].
Hence, some of the conclusions concerning the 6 depen-
dence of the B A-boundary, E„and d3(8) in the present
paper may be a6'ected by such additional adatom-
substrate interactions. Further study is necessary in this
direction.
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the above may be summarized as the weakening of the
adatom-substrate bonding which follows the strengthen-
ing of the adatom-adatom bond. It is well known that
the adsorption energy of the alkali-metal atom decreases
substantially with increasing e. The above results sug-
gest that there should be a close correlation between the
decrease of d (8) and that of the adsorption energy with
increasing e. Terakura proposed that the mechanism
can be also regarded as one example of the Heine's &N
theorem, which says that the strength of the metallic
bond between the atom under consideration and a neigh-
boring one scales as I /&N, where N is the number of the
surrounding atoms. In the present case, the increase
in the number of neighboring adatoms weakens the
adatom-substrate bond and consequently polarization of
the adatom charge toward the interface, since part of the
bond charge flows to the adatom-adatom bonds.

As stated in the Introduction, the jellium substrate is a
good model for simple metals such as Al, but cannot de-
scribe the localized d states of transition metals. As was
shown for the W and Mo substrates, ' ' these d states
hybridize with the alkali-metal s and p states, and also

-4 0
&- EF(ev)

FIG. 13. p, (k, c,e) for the hexagonal Na adlayer with

a~~
=8.5 a.u. on the jellium with r, =2 along I -K in the hexago-

nal surface Brillouin zone.

U. SUMMARY

The aim of the present paper was to refine the results
in I, where there was some ambiguity in calculated quan-
tities such as the adatom DOS because of the slab ap-
proximation for the metal substrate. In the present work,
we studied the electronic structure of alkali-metal ad-
layers on the semi-infinite jellium substrate as functions
of the coverage and the r, parameter of the jellium sub-
strate by a first-principles method within the local-
density-functional theory. The important results ob-
tained are as follows. (1) In spite of the large potential
lowering in the vacuum, the s-part of the adatom poten-
tial is insensitive to e by virtue of the efficient screening
of the metallic substrate. (2) Therefore the filled part of
the DOS in an adatom shows little depolarization shift,
and is rather insensitive to 8. (3) The charge state of the
adatom, if simply defined by the area of the occupied part
of the adatom DOS is close to the corresponding one for
the isolated monolayer even for a small atomic sphere
which contains only less than 0.1 electrons. (4) For all
the substrates, the bonding-antibonding boundary with
respect to the A-S bonding coincides with EF at the
lowest 8, which suggests the important role of the co-
valent interaction in the A-S bond as well as of the in-
teratomic polarization term in the adatom dipole mo-
ment. (5) The rapid decrease of the adatom dipole mo-
ment with increasing e is caused by the direct adatom-
adatom interaction due to the orbital overlap, which
leads to the stronger adatom-adatom bond and concomi-
tantly to the weaker adatom-substrate bonding, more
dominantly than the 8-dependent charge transfer due to
the indirect dipole-dipole interaction.
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