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The electronic structure of potassium adatoms on the Si{001)-(2X1)surface is studied by first-

principles calculations within the local-density-functional theory for a wide range of the K coverage
(6) including low 6 values with negligibly small direct interactions among adatoms. The symmetric
dimer model is assumed for the substrate Si which is modeled by a ten-layer slab. As possible ad-

sorption sites for K, a raised site on the Si dimer chain and/or a valley site between two dimer
chains are considered. The calculations are performed for 6 ranging from 6 to 1 in units of Si

monolayers including the Levine model (6=—') and also recently proposed double-layer model

(6=1). No free-electron-like surface band characteristic of the K 4s state appears in the Si gap
even for higher 6. However, the two gap states originating from the Si dangling bonds in the limit
of 6~0 shift to higher binding energies by -0.5 eV with increasing 6 due to the kinetic energy
lowering caused by the delocalization of their wave functions toward the overlayer. This is inter-

preted as a result of the Si-K hybridization which leads to the polarized covalent Si—K bond. The
adatom region is essentially neutral even for lower 6 if the charge density is averaged in a K sphere,
which implies that the adatom-induced dipole moment to reduce the work function shold be attri-
buted to the adatom polarization due to the Si-K orbital mixing rather than the conventional 6-
dependent charge transfer.

I. INTRQDUCTION

Adsorption of alkali metals on metal and semiconduc-
tor surfaces has been an active field in surface science for
a long time. In its earlier stage, ' large lowering of the
substrate work function upon adsorption was the main
subject, while recently, subjects such as the appearance of
overlayer plasmons, " coadsorption with molecules such
as CO, ' and promotion of catalytic reactions ' have
been also intensively studied. A classical picture of Lang-
muir and Gurney, "which was later supported by model
theories based on the Anderson Hamiltonian' ' and
two-step jellium model, ' ' assumes that the adatom
electronic structure changes drastically from a strongly
ionic to neutral state with increasing coverage (6) due to
the depolarization field at adatom sites. On the other
hand, recent first-principles calculations performed for
alkali-metal overlayers on jellium' ' and Al(001) (Ref.
22) surfaces with a wide range of 6 values clarified that
the adatom charge state, if simply defined as a number of
electrons in an adatom sphere, is very independent of e,
and that the adatom region is essentially neutral even at
low e if the electron density is averaged in the atomic
sphere. It was proposed that the adatom-substrate bond-
ing is mainly metallic even at low e and that the adatom
dipole moments should be attributed to polarization of
adatoms due to hybridization between adatom and sub-
strate states rather than the conventional e-dependent
charge transfer. Formation of the polarized covalent
adatom-substrate bond was also emphasized by Wimmer,
Freeman, Hiskes, and Karo for transition-metal sub-
strates such as W and Mo for a high e. Their theory was

later supported by the experimental work of Soukiassian
et al. for Cs overlayers on transition metals. The pur-
pose of the present paper is to examine whether such a
new picture as deduced from the recent first-principles
calculations is also valid for adsorption on semiconductor
surfaces. We choose the Si(001)-(2X1) surface as the
substrate because adsorption of alkali metals on Si(001)-
(2X1) is currently attracting much attention in both ex-
perimental and theoretical sides, and is giving rise to con-
troversies on its structural and electronic properties.

On the experimental side, the chain model of Levine
in which alkali-metal adatoms form one-dimensional
raised chains above the substrate Si dimers had been ac-
cepted for a long time as the ordered structure at the sat-
uration 6 (6, ). The model corresponds to 6=—,

' in units
of Si monolayers (one adatom per two Si top-layer
atoms). Anisotropic plasmon dispersions for the K over-
layer measured by Aruga et aI. with electron-energy-loss
spectroscopy (EELS) seemed to support the existence of
such one-dimensional metallic chains. On the other
hand, a recent photoemission spectroscopy (PES) experi-
ment of Enta et al. for the K and Cs overlayers showed
that the surface might be semiconducting rather than me-
tallic at e, . Based on the x-ray photoelectron diffraction
(XPD) experiment, Abukawa and Kono proposed a new
structure model where alkali-metal adatoms form double
layers with two kinds of adatom chains: the upper one
above the ridge of Si dimers as in Levine model, and ad-
ditionally the lower one located in the trough between
two arrays of Si dimers. Their model corresponds to
e=l with two adatom valence electrons per one unit
cell, and therefore is compatible with the observed semi-
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conducting nature of the overlayer. Very recently,
Ichimiya and Kohmoto ' studied the structure of
K/Si(001)-(2X1) by the reAection high-energy electron
energy diffraction, and obtained results which favored the
double-layer model rather than the Levine model.

On the theoretical side, most of the previous electronic
structure calculations for the K/Si(001)-(2X1) surface
were performed assuming the Levine model (6=—,'), al-
though very recently Batra studied the electronic struc-
ture of the double-layer model for the Na overlayer. Ishi-
da et al. calculated plasmon dispersions of the K over-
layer on Si(001)-(2X 1) within the random-phase approxi-
mation based on the surface bands calculated with the
DV-Xa method, and obtained a fair agreement with the
EELS experiment of Aruga et al. The K charge state
estimated by the Mulliken analysis was close to a neutral
one. On the other hand, Ciraci and Batra ' performed
total-energy and band-structure calculations of the K
overlayer using the pseudopotential method. From in-
tactness of the surface band dispersions of the Si(001) di-
mer states (m. and m'* bands) upon K adsorption, it was
claimed that K adatoms are completely ionic even at
6=—,', and that surface is metallized through partial
filling of the Si n* band rather than formation of metallic
K chains. The nearest Si—K bond length found by the
total-energy minimization was quite short, and appeared
to give a further evidence of the strong ionic adsorption.
However, a recent surface-extended x-ray absorption
fine-structure study (SEXAFS) experiment by Ken-
delewicz et al. obtained the Si—K bond length
(3.14+0.1) A which was equal to the sum of the covalent
radii of K and Si atoms. The underestimation of the Si-K
distance in the pseudopotential calculation may result
from neglect of the polarization of the 3p core states. Us-
ing the pseudofunction method, Kasowski and Tsai ob-
tained the Si—K bond length of 3.3 A for the Levine
model which is in agreement with the SEXAFS value.
Soukiassian and Kendelewicz studied the core level of
Si surface atoms by PES. They found no shift in the
binding energy of Si 2p upon K adsorption, which sug-
gested that the net charge transfer from the K to Si
atoms is quite small. Nishigaki et al. studied the sur-
face electronic states of K/Si(001)-(2X 1) by metastable
deexcitation spectroscopy (MDS). The rapid growth of a
sharp peak near the Fermi energy with increasing K cov-
erage was assigned as due to the partially filled K valence
states.

In this paper, we present results of the first-principles
electronic structure calculations of the K/Si(001)-(2X1)
surface in detail for a wide range of e values, aiming to
provide sound basis which may be useful in discussing the
above-mentioned controversial subjects. The present
work is, especially, the first that clarifies the adatom elec-
tronic structure at low 8 where direct interaction among
neighboring adatoms is negligibly small. The lowest e in
the present work is 8=—,', which corresponds to one ada-
tom per six surface Si atoms. It may be indispensable to
study the e dependence of the adatom electronic struc-
ture in a systematic way in order to elucidate whether the
K—K bond becomes really metallic at higher O.

As for the charge state of adatoms, much of the con-

troversy seems to arise from uncertainty involved in the
definition of "ionicity" or "neutrality" of ad atoms.
Indeed, with a large overlapping between adatom and
substrate wave functions, it is impossible to divide the to-
tal electron density uniquely into the two parts. The ar-
gument of Ciraci and Batra ' that adatoms are perfect-
ly ionic even at 6=—,

' was mainly based on the absence of
surface bands below the Fermi level (E~) with a parabolic
dispersion which exists for isolated monolayers, and also
overlayers on simple metals. ' ' Certainly, the adatom
electronic structure on Si(001)-(2X1) is difFerent from
that on simple metals owing to the existence of the active
Si dangling bonds and the bulk band gap of Si. Even in
such a case, as will be shown later, the number of elec-
trons in an adatom sphere, which is related with observ-
able quantities such as work function and core levels, are
still very close to that of isolated neutral monolayers.
Moreover, detailed analyses of the surface band disper-
sions and adatom density of states (DOS) suggest the im-
portant role of hybridization effects between adatom and
substrate states in the adatom-substrate bonding as well
as in work-function lowering just as in the case of adsorp-
tion on simple metals. '

The plan of the present paper is as follows. In Sec. II,
we describe the overlayer model and method of the calcu-
lation. The results and discussions are presented in Sec.
III. Summary and Conclusion are given in Sec. IV.

II. OVERLAYER MODEL
AND CALCULATIONAL METHOD

The present calculation is performed within the local
density approximation in the density functional theory,
combined with the norm-conserving pseudopotential,
plane-wave basis, and repeating slab geometry. The
method is essentially the same as that adopted by Ciraci
and Batra, ' except that they used an asymmetric slab
where the dangling bonds on the back surface of the sub-
strate Si slab is saturated with hydrogen atoms, whereas
we use a symmetric one with an alkali-metal overlayer on
each side of the Si slab. We use a ten-layer Si(001) slab as
the substrate. Although the asymmetric dimer model
may be appropriate for the bare Si(001)-(2X 1) surface at
room temperatures, the K adsorption will make the di-
mer more symmetric through the filling of the antibond-
ing surface band as for the dimer bonding. Therefore, the
symmetric dimer model is assumed for the structure of
the substrate Si(001)-(2X 1) surface. We do not consider
the relaxation of the surface Si layers, and the nearest
neighbor Si—Si bond length, including that of the dimer,
is set equal to the bulk value.

We consider two adsorption sites for K atoms as
shown in Fig. 1(a). The first one (IC, ) is a hollow site be-
tween two Si dimers proposed originally by Levine and
used in previous theories. Since the pseudopotential cal-
culation without taking account of the K 3p state un-
derestimates the Si—K bond length, the Si—K bond
length cannot be determined through total-energy
minimazation. Recently, Tsukada et al. studied the
surface band structure of K/Si(001)-(2 X 1 ) with the
DV —Xa method for several values of the Si—K bond
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FIG. 1. (a) Adsorption sites of K atoms on the Si(001)-(2X 1)
surface. The K and Si atoms are indicated by larger and smaller
circles, respectively. (b) Six structure models for the K over-
layers used in the present calculation with 6 values (adatom
coverage) ranging from 6=—' to 1 in units of Si monolayers. (c)

Surface Brillouin zone for 6= —,
' and 1 (left-hand side) and for

6=
6 and 3 (right-hand side).

length. Although details of surface bands such as energy
separation between two states were slightly affected by
changing the bond length, essential parts such as the
number of surface states and their overall energy disper-
sions were rather insensitive to the Si-K distance. Since
the emphasis in the present work is placed on studying 6
dependence of the adatom electronic structure in such a
way that chemical trends involved are systematically
clarified rather than on the quantitative determination of
structure parameters, we use the SEXAFS value of 3.14
A for the Si—K bond length. The second site (ICz ) is at a
lower position between two dimer chains where K atoms
are adsorbed on top of Si atoms in the third layer, as re-
cently proposed by Abukawa and Kono. We use their
XPD value of 1.1 A for the vertical separation between
the K& and Kz sites. For the Na adlayer at 6=—,', Batra
showed that another cave site on top of Si atoms in the
fourth layer is energetically more favorable than K2.
Yet, for the case of K, a recent Auger-electron diffraction
experiment Asensio et al. suggested that adsorption of K
atoms takes place at E2 at room temperature. In any
case, quantities such as the surface band dispersion and
adatom DOS which we concentrate on in the present
work are not very sensitive to the difference in the atomic
position between the two sites. Thus we adopt the experi-
mentally proposed Kz site.

As shown in Fig. 1(b), we calculate the electronic struc-
ture of the K overlayers on Si(001)-(2X1) for six over-
layer structures with 6 ranging from 6=—,

' to 1 in units
of Si monolayers. They are as follows: (i) K at every
third K, site (0=—,

' ); (ii) K at every third Kz site (6=—,
' );

(iii) K at every third K, and E2 sites where it is assumed
that K atoms form one-dimensional K chains which are
perpendicular to the Si dimer chain (y direction); (iv) K at
every K, site, i.e., Levine model (6=—,'); (v) K at every

K2 site (0=—,
' ); and (vi) K at every K, and K2 sites, i.e.,

double-layer model. The structures for 6=—,
' and —,

' have
the 2X3, while the others have the 2X1 unit cell. The
2X3 overlayer was really observed at low-K coverages,
although its atomic structure is still unknown. At
6=—,', the distance between neighboring K atoms in the
chain direction is equal to 11.49 A which is sufBciently
large to make the orbital overlap between neighboring K
atoms negligible.

For estimating the work function accurately, the spac-
ing between two neighboring slabs must be large enough.
It is chosen as 16 A for all the coverages. The electron
wave functions are expanded by —1800 plane waves for
6=—,

' and 1, and by -5400 plane waves for 6=—,
' and 3,

where all the bases are used for diagonalizing the Hamil-
tonian matrix. Although these numbers are not yet
sufficient for the perfect convergence of the unoccupied
conduction bands, it is sufhcient for the convergence of
occupied states, and therefore for the charge density and
work function. The calculated valence-band width of the
ten-layer Si slab, 11.3 eV is in fair agreement with the
bulk value, 11.9 eV, calculated with a higher cut-off ener-
gy. For 6=—,

' and 1, the rectangular surface Brilloin
zone (SBZ) is divided into 4X 8 equal meshes. This leads
to 15 independent k points for k-space sampling. Similar
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mesh density is used for B=—' and —,'. The iteration pro-
cedure is continued until the difference between the input
and output surface dipole layers becomes less than 0.15
eV.

III. RESULTS AND DISCUSSIONS

A. Surface electron band structure

Figure 2(a) shows the band structure of the Si(001)-
(2X1) surface calculated with the ten-layer slab. The
solid and dashed curves represent even and odd states
with respect to the symmetry operator about the center
plane of the slab, respectively. The energy is measured
from the top of the valence bands, and EF denotes the
Fermi energy. The two bands denoted as S, and S2 in
the band gap correspond to the bonding m and antibond-
ing ~* surface states which are characteristic of the Si di-
mer structure. Their dispersions are in good agreement
with those in previous calculations. ' Because of the
small interaction between the two surfaces of the slab,
each S& and S2 splits into a pair of even and odd states
with a small energy separation. As is well known, the
symmetric dimer model cannot reproduce the semicon-

ductive nature of the surface, and the system becomes
metallic with two electrons of the Si dangling bonds ac-
commodated in both SI and S2.

We erst show the surface band structures of K/
Si(001)-(2X 1) for higher 6 (6=—,

' and 1), since they have
the same SBZ as the bare Si(001)-(2X 1), and are easier to
study changes of the surface bands upon K adsorption.
Figures 2(b), 2(c), and 2(d) show the calculated band
structures of K/Si(001)-(2X 1) for 6=—,

' (K, ), 6=—,
'

(hz), and 6=1 (K&+%2), respectively. The adsorption
at K, [Figs. 2(b) and 2(d)] gives rise to a third surface
state, S3 in the energy gap region, while this does not
occur for the adsorption at K2. S3 disperses upward with
increasing wave vector, and merges into the bulk conduc-
tion bands for larger wave vectors. The two gap states,
S, and Sz in Fig. 2(b) (Levine model) correspond to the
D& and D2 bands in the calculation of Ciraci and Ba-
tra. ' Although the energy location of S3 is not so far
from their R state, as will be shown later, the wave func-
tion of S3 is quite different from that of R which survives
even for the bare Si(001), and hence the relation between
S3 and R is not clear at present. (In the calculation of
Ciraci and Batra, R merged in the bulk conduction bands
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FIG. 2. Calculated surface band structures of K/Si(001)-(2 X 1) for (a) 0=0 [bare Si(001) substrate], (b) 0=
2 (K, ) (Levine mod-

el), (c) 0=
2 (K2), and (d) 6=1 (double-layer model). The solid and dashed curves indicate even and odd states with respect to sym-

metry about the center plane of the slab, respectively. EF denotes the Fermi level.
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and was a resonance. Depending on the Si—K bond
length, S3 may also become a resonance. ) Because of the
difference in the choice of the Si-K distance, the energy
separation between S, and S2 along I -J' and J-K is
larger than that between D, and D2. From Fig. 2, it is
seen that the overall'energy dispersions of S, and S2 are
very intact upon K adsorption even at high 0 with rather
short K-K distances. No additional free-electron-like K
4s band appears in the gap region. This feature was inter-
preted by Ciraci and Batra as an indication of perfect ion-
ization of K adatoms even at O„but may be also inter-
preted as a result of the signifIcant orbital overlapping be-
tween Si and K. Indeed, existence of the strong Si pseu-
dopotential may easily modify the free-electron-like K
valence bands which originate from the much weaker K
pseudopotential.

One important change in the dispersions of SI and S2
upon K adsorption is their shifts to higher binding ener-
gies relative to the bulk valence bands in the whole SBZ.
The amount of this shift increases with increasing 0„in-
dicating the larger interaction between the K valence and
Si dangling bond states for higher 0. The shift for 0=1
amounts to -0.5 eV. Recently, Soukiassian and Ken-
delewicz studied the valence electronic structure of the
Cs and Na covered Si(001)-(2X 1) by PES, and found that
the occupied surface states shift indeed to higher binding
energies with increasing 6. Their result is in good accord
with the present calculation. They interpreted the ob-
served shifts as being due to the Si 3p —Cs 6s (Si 3p —Na
3s) hybridization. In order to elucidate the origin of the
above-mentioned shifts of S& and S2 to higher binding
energies, we divide their eigenenergies c.; into two parts,
i.e., the kinetic energy cz;„=(y,I —b, /Zly; & and poten-
tial energy e „=(q&;~U ~@, ), where y; is the wave func-
tion of the one electron state with energy c,;, and the po-
tential v includes the Hartree, exchange-correlation, and
ion core potentials. The calculated ck;„and c. „along
I -J' are shown in Fig. 3 for the bare Si(001)-(2X 1) (solid
lines), Levine model (dashed lines), and double layer mod-
el (dotted lines), respectively. From Fig. 3, one can, for
instance, see that the energy difference between S I and S2
for the bare Si(001) comes mostly from E„„ratherthan
cz;„, and also that their downward dispersions along
I —J' come from the lowering of c,kj„with increasing
wave vector along the dimer chain direction. Upon K
adsorption, the kinetic energies of both states are
lowered, although this energy lowering is partly canceled
by the increase of c„.Therefore, one can conclude that
the shifts of S

&
and Sz to higher binding energies with in-

creasing 0 originates from the lowering of their kinetic
energies. Of course, this kinetic energy lowering results
from the delocalization of the wave functions of both
states toward adatom sites upon K adsorption, which
may be interpreted as the Si-K hybridization. On the
other- hand, a little higher potential energies of both
states upon K adsorption reAects the fact that the K
cores, toward which their wave functions are partly
pulled in, have a less attractive pseudopotential than Si
cores. By comparing the results between 0= —,

' (K, ) and
0= 1 in Fig. 3, it is also seen that cgj„and c~«of S, are
not affected very much between 0=—,

' (K, ) and 1. This
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FIG. 3. Kinetic energy contribution c,k;„and potential energy
contribution c~„to the one electron energy of (a) S& and (b) S2
states. The solid, dashed, and dotted curves show the calculated
results for 0=0, 6=

2 (KI ), and 0=1 (KI+K2), respectively.
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implies that the S& state which is mainly localized in the
raised part of dimer chains interacts strongly with ada-
toms at K, , but not so much with adatoms at Ez in the
valley between two dimer chains. On the other hand, S2,
with a larger weight in the valley than S& because of its
antibonding character with regard to the dimer bonding,
interacts strongly also with adatoms at Kz, which then
leads to the lowering of E„;„between6=—,

' (lC, ) and 1 as
much as that between 6=0 and —,

' (K
&

).
At 6= 1 (double-layer model), S& and S2 are complete-

ly filled and the system becomes semiconducting. This is
consistent with the PES experiment of Enta et al'. and
the recent calculation of Batra for the Na overlayer.
Very recently, Enta et al. ' performed an angle-resolved
PES experiment using a single-domain Si(001)-(2X 1) sub-
strate, and observed two occupied surface bands with the
energy separation of -Or8 eV at I . Their measured
dispersion are in fair agreement with the present result at
0=1. Nevertheless, we note that Murata et al. ' also
performed a PES experiment for K/Si(001)-(2X 1) at 6,
and observed a finite amount of DOS at EI;. Tochihara
compared the Auger intensity of the K core state at 0,
directly with that for K/Cu(001) for which 6 is strictly
defined, and claimed that 0, is 0=—,'. Inconsistencies
among experiments may arise from difhculty in identify-
ing 0, which might depend on sample quality and also
crucially on the experimental temperature.

Figures 4(a), 4(b), and 4(c) show the calculated band
structures of K/Si(001)-(2 X 1 ) for 6=

—,
' (E, ), 6=

—,
'

(K2 ), and 6=
—,
' (K

&
+ IC2 ), respectively. Six surface

bands, S', to S6 appear in the gap region, and seven and
eight electrons per unit cell are accommodated in them
for 0=—,

' and —,', respectively. Their features are essen-
tially understood in terms of the folding of the S& and S2
bands of Si(001)-(2X 1) into a smaller SBZ, plus addition-
al perturbating potentials which split the two bands at
zone boundaries.
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B. Adatom density of states

In order to study details of the electronic structure of
K atoms, we next calculate the adatom DOS as a func-
tion of 0. Figures 5 and 6 show the calculated DOS in a
sphere centered at a K atom with a radius equal to 4 a.u.
(2.1 A) for the K& and K2 sites, respectively. The dashed
curves in the figures are the corresponding DOS calculat-
ed for the bare Si(001)-(2X 1 ), and therefore, the
di6'erence between the solid and dashed curves show the
states induced in the K sphere upon adsorption. Because
of Lorentzian broadening with the width of 0.1 eV used
in the actual calculation, the small energy gap between
the valence and conduction bands is not clearly seen in
Figs. 5 and 6.

One can clearly see the peaks due to S, and S2 (S', to
S6 for 6=

—,
' and —,') in the calculated K DOS for both the

K, and K2 sites. Their location relative to that at 0=0
shifts downward with increasing 0, which is in good ac-
cord with the recent PES work as discussed in III A. It
is important that these peaks for finite 0 is much
enhanced as compared with those for 0=0. This is espe-
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FICx. 4. Calculated surface band structures of K/Si(001)-
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FIG. 5. Calculated adatom density of states (DOS) in a
sphere with radius 4 a.u. around the K& site as a function of e.
The dashed curves show DOS in the same sphere for the bare
Si{001) surface. The energy is measured from the top of the
bulk Si valence bands.

cially so for the Kz site. For the bare Si(001)-(2X 1) sur-
face, S& and S2 are essentially dangling-bond states of the
Si dimers. Therefore their weight at a E2 site in a cave
between two dimer chains is not large, and these two
bands do not form sharp peaks in the calculated Xz DOS.
Qn the other hand, St and Sz (S', to S6 ) form distinct
peaks in DOS of the Kz site for finite e. Such enhance-
ment in the occupied part of DOS in K spheres may be
interpreted as a result of hybridization between the K
and Si orbital components. This is supported from the

FIG. 6. Calculated adatom DOS in a sphere with radius 4
a.u. around the E, site as a function of e. The dashed curves
show DOS in the same sphere for the bare Si(001) surface.

kinetic energy lowering of S& and Sz as was shown in Fig.
3.

Another important message from Figs. 5 and 6 is that
the occupied part of DOS in K spheres is rather insensi-
tive to 8 from 0=—,

' to 1. Such insensitivity of the local
DOS and charge state of an atom to the configuration of
surrounding atoms was originally put forward by Heine
and named "invariance theorem" for impurity atoms in a
host metal. Tables I and II list the number of electrons
induced in the adatom sphere upon adsorption, n, as
functions of 6 and R for the K, and K2 sites, respective-
ly. (n, can be evaluated by integrating the difFerence be-
tween the solid and dashed curves in Figs. 5 and 6 up to
the 6-dependent EF.) The numbers in parentheses are

TABLE I. Number of electrons induced in a K atomic sphere for the Kl site as functions of the K
coverage (8) and sphere radius R. The numbers in parentheses indicate the values for the correspond-
ing isolated K layers.

2.0
R (radius of a K sphere) (a.u. )

2.5 3.0 3.5 4.0

6

(I(:l )

3
1

2

(El)
1

0.013
(0.020}
0.018
0.013
(0.028)
0.020

0.047
(0.057)
0.062
0.067
{0.081)
0.072

0.119
(0.122)
0.153
0.165

{0.179)
0.180

0.235
(0.215)
0.297
0.321

(0.326)
0.358

0.388
(0.324)
0.494
0.533

(0.510)
0.611
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TABLE II. Number of electrons induced in a K atomic sphere for the K2 site as functions of the K
coverage (8) and sphere radius R. The numbers in parentheses indicate the values for the correspond-

ing isolated K layers.

2.0
R (radius of a K sphere) (a.u. )

2.5 3.0 3.5 4.0

1

6

(K2)
1

3
1

2

(K2)
1

0.013
(0.021}
0.016
0.022
(0.028)
0.021

0.049
(0.057)
0.060
0.063
(0.081)
0.074

0.122

(0.122)
0.147
0.155

(0.179)
0.180

0.237
(0.213)
0.286
0.304
(0.325)
0.355

0.386
(0.320)
0.474
0.503

(0.508)
,0.598

the electron numbers in the same sphere calculated for
isolated K monolayers with the same overlayer structure,
n,"' (T.he electronic structure of isolated K layers was
calculated only for 8=—,

' and —,'.) The calculated n, be-

comes larger with increasing 8, reAecting the increase of
the K atomic density. However, most important is the
fact that n, is close to, and even larger than n,"' for
R ~ 3.5 a.u. (1.85 A) regardless of 8. Hence, the adatom
region is essentially neutral even at low 8 if the electron
density is averaged over the atomic sphere. On the other
hand, the dipole part of the electron density is strongly
modified in a K sphere and leads to the large dipole mo-
ment to reduce the work function, as will be discussed
later.

In Figs. 5 and 6, there is a large increase of the K DOS
in a wide energy region of the Si conduction bands. This
is, of course, due to the unoccupied part of the K valence
states which exists as resonances in the host conduction
bands. Such resonant states cannot be so obviously
identified in the energy dispersion curves shown in III A.
The width of these resonant bands becomes larger with
increasing e due to the larger overlapping among neigh-
boring adatom orbitals, and for the E, site, its lower edge
appears in the gap region as S3 for 8=—,

' and 1 as dis-
cussed before.

In order to examine more details of the K valence
states, we next study the partial DOS of K adatoms for
8=—,

' and 1. Figures 7(a) —7(d) show the calculated s, p„

„0.&-

0
Ol e=l

02-

y) 0.1-

01—

0
-12 -4 0

Energy(eV)

0
-12 -8 0

Energy(eV)

(c)

Q2-

I I

9=~2 K) 8= j2- Kl

~ 01-
tA

C3

aC

e 01-

0.1—

0'
-12 0

Energy(~)
-4 0

Energy(eV)

FIG. 7. The calculated partial DOS of a K atom at the K& site for e= —' (K&) and 1. (a) s, (b) p, (c) p~, and (d} p, components.

The dashed curves show the results for e=0.
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K2
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0
Energy(eV)

I

8=+ K22

-8 -7 0
Energy(eV)

I I I

8=~2 K2

(dirner bond direction), p (chain direction), and p, DOS
in a K sphere for the K& site with the same radius as Fig.
5, respectively. Here the dashed curves in these figures
give the partial DOS in the same K sphere for the bare
Si(001)-(2X1). The occupied part of the calculated par-
tial DOS is seen again as rather insensitive to 6 as in the
case of the total K DOS. Because of symmetry K 4s
mainly hybridizes with the m orbital of Si dimers around
I -J in SBZ, and form a sharp peak at a position corre-
sponding to the energy of S& near I -J. In the same way,
K 4@~ and 4p mainly hybridize with the m (around J'-K)
and u' (around I"-J) of Si dimers, and give rise to peaks
in S& and S2, respectively. Partial occupation of the p
and p states below EF results in the decrease in the occu-
pation of K 4s as compared with those for corresponding
isolated K layers. Nevertheless, the sum of occupation
numbers over all the orbital components is affected very
little as emphasized before. In contrast to 4p„and 4p, K
4p, is mostly unoccupied, and contributes to the unoccu-
pied part of the K DOS. Therefore, the strong
modification of the dipole part of the electron density in a
K sphere which results in the adatom dipole moment is
due to the mixing of the Si and K states rather than the
intraatomic polarization (K 4s-4p, mixing). It is seen
that S3 is a hybridized peak of K 4s and 4p, . As will be
shown later, S3 is an antibonding state regarding the
adatom-substrate bonding whose wave function strongly
polarizes toward the vacuum side of K atoms.

Figures 8(a) —8(d) are the calculated partial DOS
(PDOS) for the K2 site. Owing to the di6'erent symmetry,
the kI~ space in SBZ, where each component of adatom
states couples with the ~ and m.* dimer orbitals, changes
from the corresponding one for the K, site. For example,
K 4s couples with m. around I and also with m' around J
in SBZ. As a result, the peak position in the s PDOS
coincides with the energy of S2 near J rather than that of
SI near I . Another interesting feature may be the fact
that K 4p, contributes also to S, and S2 states and gets
partly filled in contrast to the case of the K, adsorption
and. also adsorption of alkali metals on flat surfaces of
simple metals. ' Such a difference may be the geome-
trical effect which reAects the adsorption in the valley
site.

C. Charge density plot of surface states

~ Ol-
Vl

n 0
~N B=l

O.l-

0
Energy(eV)

FIG. 8. The calculated partial DOS of a K atom at the K&
site for e=

2 (Kz) and 1. (a) s, (b) p, (c) p~, and (d) p, com-
ponents. The dashed curves show the results for 8=0.

In order to illustrate modifications of surface-state
wave functions upon K adsorption more clearly, we next
analyze their change densities. In Fig. 9(a), we show con-
tour plots of the charge densities of S, , S2, and S3 at I
for the Levine model (e= —,'). The vertical cut plane is
perpendicular to the dimer chain direction, and passes
through the midpoint of a nearest Si—K bond as shown
in the inset. The solid circles indicate the projection of Si
and K atoms onto the plane, and there are actually no
atoms on it. The corresponding charge density plots for
the bare Si(001)-(2X1) are given in Fig. 9(b), where it is
demonstrated that S& and Sz originate from the two dan-
gling bonds of Si dimers. By comparing the two figures,
one can observe contribution of K 4s to S, for Fig. 9(a);
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(b)
Si{eal)2xl I
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FIG. 9. Charge-densitY contour plots of S&, S2, and S3 at 1" for (a) 6=
2 (Levine model), (b) the bare Si(O01) surface, and (c) 6=1

(double-layer model). The vertical cut plane passes the midpoint of the nearest Si—K bond and is perpendicular to the Si dimer
chain. The contour spacings are the same for all the panels.

charge plots of S, for the bare Si(001) have two maxima
in the vacuum side of a dimer due to the two Si
dangling-bond orbitals, while there is only one broad
maximum characteristic of K 4s in the corresponding one
for the K covered surface. Modifications of the S2 wave
function at I on the plane is smaller than that of S&, yet,
it is still seen that its tail is extended toward the vacuum
side to some degree. As is seen from Fig. 3, the kinetic
energy lowering between 0=0 and —,

' (K, ) is 0.7—0.8 eV
for both S, and Sz, and thus, although not so clear in
Fig. 9(a), the wave function of S2 is also delocalized upon
K adsorption as much as S

&
. Ciraci and Batra

showed similar charge-density plots of S, and S2 for both
the bare and K covered Si(001)-(2X 1) surfaces. No qual-
itative change characteristic of K 4s was observed in the
S& charge density upon K adsorption, and this fact was
emphasized as a supporting evidence of their conclusion
that there is no contribution of K valence states to S, and

S2. Their results are at variance with ours. The
discrepancy may come from difference in the choice of
the wave vector k~~ between theirs and ours. Due to sym-
metry of the X& site, the coupling between the K 4s and
Si dangling-bond states becomes smaller with the increase
of k~~ in the chain direction, which then leads to smaller
contribution of K 4s to S, . We showed the charge plots
at I where the Si m-K 4s coupling becomes the largest,
while they showed those at k~~ =(0,0.291) A ' where the
coupling may be appreciably reduced. Nevertheless, as is
seen from Fig. 3, the kinetic energy of S, is reduced even
for such a k~~ point as much as at I because of the cou-
pling with higher K states rather than E 4s. Figure 9(a)
shows that S3 is an antibonding state as to the Si=K
bonding whose wave function is strongly polarized to-
ward the vacuum side of a K atom; its charge density
takes a maximum value at a position shifted from the K
ion core by —3 a.u. (1.59 A) toward the vacuum. As stat-
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ed before, such a wave function is described as a mixed
state of K 4s and 4p, . Existence of such a strong anti-
bonding surface (or resonant) state above E~ has been es-
tablished for alkali-metal adatoms on simple metal sub-
strates, and hence may be a common characteristic
feature of alkali-metal adsorption systems independent of
the species of substrates.

Here we briefly discuss the origin of the energy-loss
peak observed in the EELS experiment of Aruga et al.
Ciraci and Batra ' assigned the peak to an individual
excitation from St to a resonance, R (in their notation)
which exists even for the bare Si(001)-(2X1) surface.
However, the following two observations that (i) the in-
tensity of the peak rapidly grows above some critical K
coverage, and that (ii) similar energy-loss peaks roughly
with the same energies have been reported for the K
monolayers on several other metal substrates suggest
strongly that the peak is really related with the excitation
among K valence states. As stated in the above, the com-
mon characteristics of the alkali-metal adatom electronic
structure is the existence of partially occupied valence s-
like states hybridized with substrate orbitals and unoccu-
pied antibonding states made by the mixing of valence s
and p, orbitals. (They correspond to S& and S3 for the
present case. ) Since the excitation from S& to S3 induces
a vertical dipole moment which strongly interacts with
incoming electrons, it is expected that the excitation
may give rise to a sharp peak in EELS experiments. In
the present case, the energy difference between S& and S3
at I is —1.2 eV. Although this value is somewhat small-
er than the experimental value —1.7 eV at I, it is possi-
ble that the loss energy is increased from the individual
excitation energy by the plasmon field. As to the ques-
tion of whether the peak is individual or collective
(plasmon), there is still a little ambiguity. The energy of
interband plasmons is a sum of the individual excitation
energy and an additional energy due to the dipole field of
the excitation. ' It was shown by Ishida et al. and
by Nakayama et al. that the latter contribution to the
interband plasmon between the valence s- and p, -like
states shows a negative linear dependence as a function of
k~~. On the other hand, the observed energy loss showed a
positive linear dependence with increasing k~~. Neverthe-
less, this apparent inconsistency alone would not neces-
sarily negate the possibility of the interband plasmon,
since if the increase in the individual excitation energy
with increasing k~~ surpasses the contribution of the
plasmon field, the total disperson might reproduce the
observed positive linear dispersion.

Figure 9(c) shows the charge-density plots of S„S2,
and S3 for the double-layer model (e= 1) at I . The con-
tour plot for S& again shows the contribution of 4s of K
atoms at the Kj site. The charge density of Sz is more
extended toward the overlayer region than that for
Levine model, indicating larger hybridization with ada-
tom states. S3 is again an antibonding state whose ampli-
tude is dominated by that in the vacuum side of both the
IC, and E2 sites. In Fig. 9(c), the contribution of the Kz
4s orbital to the surface states is not clearly seen. As stat-
ed before, the 4s state of K atoms at E2 mainly hybri-
dizes with Sz near J in SBZ. Figure 10(a) shows the

charge plots of S& and S2 at J at e= —,
' with adatoms at

E2. The corresponding plots for the bare Si(001) are
given in Fig. 10(c). The large enhancement in the ampli-
tude of S2 near the K2 site upon K adsorption demon-
strates the important role of the K2 4s state to S2. The
hybridization of K2 4s with Si dangling-bond states is
also seen in the energy dispersion of S2 along I -J; its
downward dispersion along I -J for the overlayers with
adatoms at K2 [Figs. 2(c) and 2(d)j is considerably larger
than those without adatoms at E2 [Figs. 2(a) and 2(b)j.

(&)
e=2 K2

I

-6 0
X(a.u.)

(b)
Si(001)2xl

l5 I I I 1 I I I

3
0 i~ I ~i I I I I

I

0 6
X(a.u)

FIG. 10. Charge-density contour plots of S& and S2 at J for
(a) 8=

~ (K~) and (b) the bare Si(001) surface. The vertical cut
plane and the contour spacing are the same as in Fig. 9.
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D. DifFerence charge and work-function change

Next, we discuss the redistribution of the total electron
density due to the Si-K interaction which leads to the
well-known 6-dependent work-function change, bA&(6).
For many metal substrates, it is well known that the sub-
strate work function is almost linearly reduced as a func-
tion of 8 for lower 8, while for higher 8, after taking a
shallow minimum value at some e, it slowly rises to a
saturation value characteristic of the work function of
bulk alkali metals. Since b,@(6) is proportional to the
adatom-induced dipole moment per adatom, d(6) times
8, the above-mentioned 6 dependence means that d(8)
is greatly reduced with increasing e. Recently, it was
pointed out explicitly that d(6) has two contributions
and is written as.

ous calculations with simple metal substrates. ' The
charge depletion in the vacuum side of a K atom at E j
has an almost semispherical shape, which shows that the
interaction between neighboring K atoms in the dimer
chain direction is quite small. The corresponding charge
depletion for the K2 site is a little more stretched in the
vertical direction, and simultaneously more compressed
in the dimer bond directio~ because of its smaller vertical
separation from the Si dimer atoms. The charge de-
pletion areas appear not only in the vacuum side of K
atoms but also in the bulk side of Si dimers. Because the
charge depletion in the K side is spacially much more ex-
tended than that in the Si side, the adatom-induced di-
pole moment which emphasizes the spacial extension of
5p(r, 6) besides its amplitude has the sign to lower the
work function. However, the negative amplitude of

d(6) =D(1—y (C.'C. ) )+y~., (C.'C„)+c.c. ,
ab

where a and b denote the adatom and substrate states,
and D and p, b are dipole matrix elements. The first is the
conventional charge-transfer term, while the second
comes from the polarization of adatoms due to hybridiza-
tion between adatom and substate states. According to
the recent analyses for simple metal substrates based on
the first-principles calculations, the second contribu-
tion plays a dominant role in the 8 dependence of d(6)
in contrast to the classical Gurney model. " This was fur-
ther substantiated by the observation of the close correla-
tion between the decrease of d(6) and weakening of the
adatom-substrate bonding with increasing e.

Because the electron density of the bulk K is much
smaller than that of Si, the total electron density itself is
not very meaningful in studying the change in the surface
charge density. Instead, we show the difference charge,
5p(r, 6) which is defined as the total electron density of
K/Si(001) minus the superposed density of the bare
Si(001)-(2X1) and isolated K monolayer. For example,
the electrostatic potential change, 5y(r, 6) associated
with 5p(r, B) gives the change in the surface potential
barrier upon K adsorption, and therefore the difference
between its value at the vacuum and that in the bulk is
equal to b,@(8).

Figure 11 shows the contour plots of the difference
charge 5p(r, 6) at 6=—,

' (K, ), —,
' (K2), and —,

' (K, +K2).
For 8=—,', 5p(r, 6) is defined as the charge density of
K/Si(001) minus the superposed density of the three sur-

faces, i.e., the bare Si(001), the unsupported overlayer at
8=—,

' for the K& site, and also that for the Kz site. The
vertical cut plane for Figs. 11(a), 11(c) and 11(e) is the
same as for Figs. 9—10, while that for Figs. 11(b) and
11(f) is parallel to the dimer chain direction and contains
adatoms at every third K& site. The vertical cut plane for
Fig. 11(d) is also parallel to the dimer chain, but contains
adatoms at K2 sites. The contour spacing is 0.0005 a.u. ,
and the solid, dot-dashed, and dashed curves correspond
to positive, zero, and negative values of 5p(r, B), respec-
tively. The kidney-shaped charge depletion in the vacu-
um side of K atoms is a characteristic feature of alkali-
metal adatoms at lower e, and also observed in yrevi-
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FIG. 11. Contour maps of the difference charge 5p(r, e) for
(a) and (b) 8=

6 (K&), (c) and (d) e=
6 (E2), and (e) and (f)

6=—' (El+K2). The contour spacings are 0.0005 a.u. , and the

solid, dashed, and dot-dashed curves indicate positive, negative,
and zero values of 6p(r, 6), respectively. The vertical cut planes
for (a), (c), and (e) are the same as that in Fig. 9. The cut planes
for (b), (d), and (f) are parallel to the dimer chain and contain
adatoms at every third K 1

or K2 site.
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5p(r, B) in the Si side itself is as much as that in the K
side. On the other hand, the main charge accumulation
appears in the Si-K interface; there is a maximum in the
calculated 5p(r, B) for each Si—K bond. The adatoms at
EI mainly form chemical bonds with the Si dimer atoms,
while the bond charge contour for the adatoms at K2 sug-
gests that the second layer Si atoms also contribute to the
Si-K bonding for the K2 adsorption.

The difFerence charge maps for higher 6 (6=—,
' and 1)

are shown in Fig. 12. The cut plane for each panel is the
same as the corresponding one in Fig. 11. Qualitative
features of 5p(r, B) in Fig. 12 are essentially the same as
those for lower 6; the charge depletion areas appear on
the vacuum side of K adatoms and also the bulk side of Si
dimers, whereas bond charges are formed in the Si-K in-
terface for each Si—K bond. Yet, looking into more de-
tails, one notices a certain degree of 6 dependence which
rejects the larger K-K interaction for higher 6. The am-
plitude of the bond charge in the Si—K bond for 6=—,

'

and 1 is a little smaller than those for lower 6, and also

the kidney-shaped charge depletion in the vacuum side of
K atoms is considerably shrinked for higher 6. These
signify the weaker Si—K bonding, and consequently
smaller polarization of K atoms with increasing 6. it
should be also remarked that the largest charge depletion
area on the K side for higher 6 appears around the mid-
dle of neighboring K atoms at the cost of some K—K
bond charge instead of just on the vacuum side of an ada-
tom for lower 6 [compare Figs. 11(b) and 12(b)].

Next we discuss the work-function change b,@(8)for
the present system. Figures 13(a) and 13(b) show 5y(r, B)
along the vertical axis containing a K atom at the K, and
Kz sites, respectively. The K atomic position is indicated
by a small arrow. 5y(r, B) almost vanishes, at only a few
layers inside the Si substrate, which shows that the Si
substrate can screen the ad atom dipole field quite
efhciently. Due to the dipole layer formed by the bond
charge in the Si-K interface and charge depletion areas in
the K side, the value of 5y(r, B) at the vacuum is lower
than that in the bulk, which thus results in reduction of
the potential barrier for outgoing electrons and gives
b,@(6). b, C&(8) evaluated from the values of 5y(r, B) at
the vacuum is summarized in Fig. 14. These values may
give us some hints for assigning the adsorption site of K
atoms. The work function of the present system was
measured by several groups. In contrast to the case of
metal substrates, the measured b.@(8) showed only a
small or, depending on the experimental condition, even
no minimum value before 8, . 5@(6)at 6, measured by
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FIG. 12. Contour maps of the diIterence charge 5p(r, e) for
(a) and (b) 8=—' (E&), (c) and (d) 8=

2 (K2), and (e) and (f)

8=1 (K&+K2). The contour spacing and vertical cut planes
are the same as those in Fig. 11.

FIG. 13. The calculated change in the electrostatic potential
5g(r, e) along a vertical axis containing a K adatom at (a) K&
site and (b) E2 site. The work-function change AW(e) is read
from its value at the vacuum. The arrow indicates the atomic
position of K adatoms.



ll 532 H. ISHIDA AND K. TERAKURA

f(+Q
I

I

I

I

I

1

I

0.5 1

Caverage e +L)

FIG. 14. The calculated work-function change AN(6) for
the six overlayers.

Tochihara, Enta et al. , and Oellig and Miranda
were 3.3, 3.2, and 2.6 eV, respectively. The present re-
sults, 2.8 eV for 6=—,

' (K, ) and 2.7 eV for 6=1
(K, +K2) are in reasonable agreement with these experi-
mental values. Thus we cannot assert the correct value
for B, definitely from the above results alone. Neverthe-
less, since b, C&(6) at 8= —,

' for the Kz site is only half as
much as experimental values, it is conclusive that K ada-
toms must sit on the top of Si dimers rather than valley
sites between two dimer chains, if indeed 6, =

—,'. The
reason why the dipole moment for K2 is smaller than that
for K& is easily understood from Figs. 11 and 12; the vert-
ical separation between the center of gravity of the Si—K
bond charge and that for the charge depletion area in the
vacuum side of a K atom, which determines the length of
the dipole moment, is much smaller for Kz than for K, .

We may discuss the preferred adsorption site of K
atoms also from view points of adsorption energy. The
adsorption energies of K atoms calculated as the total en-
ergy of K/Si(001) minus those of the isolated K layer and
bare Si(001)-(2X1) are 3.3, 3.4, 2.5, and 2.6 eV for 6=—,

'

(Ki ), —,
' (K2), —,

' (Ki ), and —,
' (K2), respectively. The value

for the Levine model [8=—,
' (K, )] is in agreement with

the value of Ciraci and Batra. Because of the neglect of
the K 3p polarization in the present pseudopotential cal-
culation, the above values might be overestimated to
some extent, yet the difference for different sites and 6
values may be meaningful. The adsorption energies for
6=—,

' is considerably smaller than those at 6=—,', one
clear evidence of the weakening of the Si—K bonding
with increasing B. On the other hand, there is no appre-
ciable difference between the adsorption energy for K,
and that for K2 for a common 6. (Although the above

values for E2 are a little larger than those for K„the or-
der may be reversed depending on the actual Si-K dis-
tance. ) Therefore one could not argue that either K, or
K2 alone is- preferred as the adsorption site. If judged
merely from the above values, the assumption tha, t 6, = 1

seems more plausible. However, depending on the shape
of the potential surface in the vacuum region for incom-
ing K atoms, which was not considered in the present
calculation, it might happen that K atoms comes down to
sit on either site selectively. Further study is necessary in
this regard.

As is seen from Fig. 14, the calculated work function
for the present system does not show such a clear
minimum before 6, unlike for most of metal substrates.
This indicates that d(6) is not so rapidly reduced with
increasing 6 as compared with the case of metal sub-
strates. In the present calculation, d(8) at 6=—,

' for the
K& site is -60% of that at 6=—,', while, in the previous
calculation for Na/Al(001), d (6) at 6=—,

' is only
-35% of that at 8=—,'. Of course, the 40% reduction of
d(6) for the K, site indicates the smaller polarization of
K adatoms, and thus, weaker bonding between Si and K
atoms with increasing 6, which follows the larger K-K
interaction. However, its magnitude is smaller as com-
pared with the case of metal substrates owing to the ac-
tive Si dangling-bond states.

Another important quantity in Fig. 13 is the values of
5y(r, 6) at the adatom sites. In previous theories based
on the classical point-charge-transfer model, ' ' it was
assumed to be lowered by electron volts as 6 varies from
low to full coverages, which was indispensable to make
ionized adatoms at lower 6 neutralize with increasing 6.
However, as is seen from these figures, although 5y(r, 6)
at z = ~ depends significantly on 6, its values at the ad-
sorption sites are rather insensitive to 6; its variation
with 6 is very small for K2, and the maximum variation
for K, is -0.4 eV. Therefore, the large depolarization
field as assumed in the classical Gurney model" is absent
in the present system. This is consistent with the obser-
vation that the calculated adatom DOS is rather insensi-
tive to 6. Enta et al. measured the K 3p and Cs 5p lev-
els on Si(001) as a function of 6, and found that their 8
dependence is quite small. Although understanding of
the core levels requires the knowledge of final-state relax-
ations which might also depend on 6, the absence of the
large 6 dependence in the potential value at K sites
found in the present calculation is in good accord with
their observation.

K. On the nature of K overlayers at higher e
Adsorption of alkali metals on Si(001)-(2X 1) originally

attracted much attention in connection with realization
of one-dimensional free-electron-like metals. Later,
Ciraci and Batra ' claimed that alkali-metal adatoms
are perfectly ionized on this surface and that surface
metallization takes place through the partial filling of the
Si dangling-bond states. The above two arguments may
be regarded as giving two limiting cases, where the orbit-
al interaction betw'een the adatom and substrate states
could be ignored. Here, we briefly discuss the origin of
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the surface metallization at 6=—,'. (As was shown, the
surface becomes semiconducting if 6, = 1.) First, we
show in Figs. 15(a) and 15(b), the charge density of the
isolated K monolayer at 6=—,

' which may be taken as a
reference charge density corresponding to the former lim-
it. [The vertical cut planes in the left-hand and right-
hand sides of Fig. 15 are the same as those in Fig. 11(a)
and 11(b), respectively. ] There is little interaction be-
tween the neighboring K chains, and they have a one-
dimensional metallic character with ample metallic bond
charge in the nearest-neighbor K—K bonds. On the oth-
er hand, Figs. 15(c) and 15(d) show the difference in the
charge density between the bare Si(001)-(2X1) and an
artificial surface where one additional electron per unit
cell is accommodated further into the SI and S2 bands of

the bare Si(001). It is based on the rigid band model, and
therefore may give a reference charge density in the latter
limit. In order to shed light onto the problem of whether
the real surface is closer to either of the two limits, it may
be useful to examine how the charge density of the addi-
tional one electron from an adatom actually distributes in
the surface region. For this purpose, we show in Figs.
15(e) and 15(f) the difference in the charge density be-
tween the K/Si(001)-(2 X 1 ) at 8=

—,
' (lC, ) and bare

Si(001) surfaces. [5p(r, 8) in Fig. 12(a) is obtained as a
difference between the charge densities in Fig. 15(a) and
15(e).] It becomes slightly negative in the substrate side
due to the relocation of the Si charge density. It seems
rather natural to conclude that the charge densities in
Figs. 15(e) and 15(f) resemble those in Figs. 15(a) and
15(b) more closely than those in Figs. 15(c) and 15(d); al-
though polarized toward the substrate side, one can still
see in Fig. . 15(f) as much bond charge in the nearest K-
K bond as in Fig. 15(b), and also the outermost charge
contour line around a K atom in Fig. 15(e) which extends
considerably toward the vacuum may be associated with
K valence states. Such an extension of the charge density
toward the vacuum may be indispensable for the appear-
ance of a sharp peak near E~ in MDS experiments as ob-
served by Nishigaki et al. Thus it may not be ap-
propriate to claim that K atoms become perfect ions on
the present surface. The strengthening of the nearest
K—K bond with increasing 6 is also seen indirectly as a
corresponding weakening of the Si—K bond; the calcu-
lated adsorption energy of a K atom at KI at 6=——,

' were
-75%%uo of that at 6.= —,'. However, at the same time, it is
also misleading to claim that the K chains form one-
dimensional metals, since, as shown before, there is no
surface states in the Si gap with the free-electron-like
dispersion.

0
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FIG. 15. (a) and (b) Contour maps of the total electron densi-
ty of the isolated K layer for 6=

2 (K&). (c) and (d) Contour
maps of the di8'erence in the total electron density between the
bare Si(001) surface and an artificial surface where one addition-
al electron per unit cell is accommodated further into the SI
and S2 bands of the bare Si(001). (e) and (f) Contour maps of
the di6'erence in the total electron density between the
K/Si(001)-(2X1) at 8=

2 (K&) and bare Si(001) surfaces. The
vertical cut planes in the left-hand and right-hand sides are the
same as those in Figs. 11(a) and 11(b), respectively.

The electronic structure of K adatoms on the Si(001)-
(2 X 1) surface was studied for a wide range of the adatom
coverage (6) including lower 6 values where the direct
interaction among adatoms is negligibly small. The K
adatoms were assumed to sit on the raised site on the Si
dimer chains (K, ), and also on the valley site between the
two neighboring dimer chains (Kz). The surface elec-
tronic structure was calculated for six K overlayer
configurations ranging from 6=—,

' to I in units of Si
monolayers. The important results obtained are summa-
rized as follows. (1) Even for high 6 values, no surface
band with the free-electron-like dispersion appears in the
Si gap region, and the two gap states, S, and S2 (or 2%
surface states which is made from S, and S2 due to the
folding of SBZ if the unit cell has a 2XX structure as for
8=,' and —,

' in the present calculations) presistently exist,
which is consistent with the previous study of Ciraci and
Batra. (2) With increasing 6, however, these gap states
shift to higher binding energies with reference to the bulk
states because of the kinetic energy lowering caused by
the delocalization of their wave functions toward the
overlayer regions. This aspect may be interpreted as a re-
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suit of the Si-K hybridization (interface state). (3) The
importance of the Si-K hybridization in the Si—K bond-
ing is also clearly demonstrated from the calculated DOS
in a K sphere where the peaks corresponding to the gap
states are greatly enhanced upon K adsorption. (4) The
filled part of the K DOS is rather insensitive to 0, and it
shows no drastic change as assumed in the classical mod-
el of Gurney. This is because the depolarization field is
virtually absent at adatom sites because of the screening
e6'ect of the substrate. (5) The adatom is essentially neu-
tral if the electron density is averaged in the adatom
sphere even at low 0, and the adatom dipole moment is
caused by the modification of the dipole part of the elec-
tron density in ihe sphere, which may be interpreted as a
polarization of adatoms due to the Si-K hybridization.
(6) With increasing 6, the K—K bonding is

strengthened, which then leads to the weaker Si—K
bonding, and thus, smaller K adsorption energy and
smaller K adatom dipole moment. However, because of
the active Si dangling-bond states, the weakening of the
Si—K bond is not so signficant as in the case of metal
substrates.

From the recent first-principles electronic structure
calculations for ihe alkali-metal overlayers on simple and
transition-metal substrates, a new picture for the adsorp-
tion has been deduced. In this model, the orbital hybridi-

zation between the adatom and substrate states plays a
central role in the adatom-substrate bonding and adatom
dipole moment for whole the 0 range. As described in
the preceding paragraph, the present calculation showed
that such a model may be also applicable for semiconduc-
tor substrates with active dangling bonds essentially
without significant changes. This may be impressive
since one might first expect that the screening of semi-
conductors is considerably less eftective than that of met-
al substrates, and therefore that there may be a large
depolarization field at adatom sites, which results in a
large 6 dependence of the adatom charge state as as-
sumed in the classical model.
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