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%e present the detailed results of self-consistent and geometry-optimized total-energy, bandstructure, and charge-density calculations for a potassium-covered Si(001)-(2X1) surface, and for
an unsupported potassium monolayer. %e found that the (2X1) reconstruction and the dimer
bonds of the Si surface continue to be stable after the adsorption of alkali-metal atoms. At the
monolayer coverage the charge from the adsorbed potassium atoms is transferred into the empty,
antibonding dangling-bond surface states, resulting in the metallization of the Si(001) substrate surface. The bonding between the overlayer and the substrate surface is ionic, and the Fermi level is
pinned by the partially 611ed silicon surface states. Our theory for the metallization and the surface collective excitations is diferent from previous ones developed for an alkali-metal overlayer
on a metal substrate which suggest that the system undergoes a Mott transition, and can successThe presence of the active dangling-bond
fully account for recent experimental observations.
states prevents the alkali-metal monolayer from meiallization, and thus provides the crucial
dil'erence between metal and semiconductor substrates.

I.

INTRODUCTION

Generation of desired electronic properties by metal
deposition on the semiconductor surfaces has been exploited'
in a number of technical applications in the
area of microelectronics and electronic devices. Because
of their rectifying properties, metal-semiconductor junctions, and particularly the mechanism of the Fermi-level
pinning and the formation of the Schottky barrier, have
'
Metal-induced
been extensively investigated.
gap
which propagate in the thick metal film, but bestates,
come evanescent in the semiconductor, have been proposed as the states responsible for the pinning of the
Fermi level. Recent experiments, however, have come
to difFerent conclusions, revealing the fact that the Fermi
level can be pinned and thus the Schottky barrier is
Different
formed even at submonolayer coverage.
kinds of states, such as intrinsic surface states, defect
have been
and chemisorption bond states, '
states,
postulated for the pinning mechanism at submonolayer
coverageBatra and Ciraci'
coverage.
suggested
dependent effects after studying a prototype, latticeinterface' [i.e., Al on a
matched metal-semiconductor
Ge(001) surface] from submonolayer to multilayer coverages. At submonolayer coverage they found that the
chemisorption bond states and Al-atom states dominate
the energy spectrum near the band-gap region, and are
responsible for the pinning of the Fermi level. Above
the monolayer coverage they showed, however, that owing to the interaction among deposited Al atoms the
(2D)
overlayer changes into a (quasi-) two-dimensional
metal characterized by a (modulated) ladder-type density
of states. '
Concomitantly, the metallic overlayer relaxes outwards away from the semiconductor surface,

'

"

'

and the metal-semiconductor bonds are delocalized.
For those semiconductors which have active surface
states the metallization of the overlayer must compete
bonds. ' In
with the formation of metal-semiconductor
metallic
value
of
the
relative
on
the
fact, depending
cohesive energy and the metal-substrate interaction energy the overlayer metallization may be suppressed altogether. In this respect, the adsorption of alkali met-al
atoms on metal and semiconductor surfaces is rather
special, and presents very interesting conceptual ideas
about bonding, metallization, and collective excitations.
Alkali-metal atoms are usually characterized by a single electron of large atomic radius. In the metallic state,
the structure is open, and the charge density is featureless and low as compared to other divalent and trivalent
close-packed metals. ' In band-structure
language the
conduction band can be described by a nearly-freeelectron picture. From the surface-science point of view
alkali-metal
is important
because of its
adsorption
work-function lowering effect, ' which provides several
technological applications.
Interesting coverage-dependent features of alkali-metal
adsorption on metal surfaces have appeared from the
work of Mac Rae et a/. ' At the initial stage of cesium
adsorption on the W(001) surface, the work function
decreases rapidly, and Cs atoms form a (2X2) structure
with a Cs-Cs nearest-neighbor
distance significantly
smaller than that in the Cs metal. Further Cs deposition
(above the monolayer coverage) yields a close-packed
distance
hexagonal Cs layer with a nearest-neighbor
comparable to that of the bulk metal. At this coverage
the work function passes through a minimum, and a loss
peak grows in intensity. Subsequent studies have shown
that these coverage-dependent
features are common to
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other alkali-metal-covered metal surfaces. '
Recent work by Tochihara ' has attracted much attention to the adsorption of alkali-metal atoms on semiconductor surfaces. His experimental observations on
Si(001) surface suggested that
the potassium-covered
alkali-metal atoms on semiconductor surfaces lead to
practically the same features as observed on transition
metals. The maximum coverage obtained is one monolayer [8=1, i.e., one K atom per (2X1) surface unit
electrona clear (2 X 1) low-energy
cell] showing
difFraction (LEED) pattern but with a diFerent intensity
as compared to the clean surface. The work function deand
creases rapidly at submonolayer coverage
later, concomitant with the onset of an electron-energy
loss peak at 2 eV, it decreases slowly without passing
As for alkali-metal adsorption on
through a minimum.
metal surfaces, '8 these observations were interpreted to
(Mott) transition. It was proimply a metal-insulator
posed that up to 8=0.5, K atoins donate their 4s
valence electrons to the substrate and become ionic as
evidenced by a higher core excitation energy and lower
Continued deposition of alkali-metal
work function.
atoms causes the interatomic distance of the potassium
atoms to decrease. Beyond a threshold adatom density
the smaller K-K distance allows the formation of metallic bands which, in turn, results in a retransfer of charge
to the alkali-metal overlayer. Accordingly, the growing
intensity of the peak in the electron-energy-loss
spectra
was attributed to a collective
(EELS) with increasing
excitation of the metallic electrons of the overlayer.
Data for the Cs-covered Si(001) surface were interpreted in a similar fashion.
carried out detailed
Aruga, Tochiara, and Murata
analysis of the plasmon loss by the use of angle-resolved
EELS and obtained an anisotropic and positive dispersion in contrast to the plasmon dispersion of an slkalimetal overlayer on a metal surface. In view of the interband and intraband (zero-sound) plasmon modes calculated '
for a simple model, these q-dependent loss
peaks were attributed to the 10 plssmons associated
with the K chains on the surface.
The experimental data on the alkali-metal-covered
Si(111) surface are unfortunately not as abundant as for
the Si(001)-(2X 1) surface. However, the ultraviolet photoemission spectrum (UPS} taken from the Cs- covered
Si(111)-(2X1) surface' has been interpreted to imply
the metallization of the alkali-metal overlayer beyond
the adatom coverage of
In this paper we present a detailed study of the Kcovered Si(001)-(2X1) surface at 8=1, which is based
and
on 6rst-principles total-energy, electroni-sstructur,
force calculations. Some of our results were briefly reThe objective here is to elucidate the
ported earlier.
interaction of an alkali metal with the reconstructed Si
surfaces, and to place emphasis on the metallization by
contrasting it with that encountered in other metal overlayers. Our theory for the metallization of the alkalimetal overlayer and the character of collective excitations is at variance with previous suggestions, snd can
successfully account for the experimental Sndings. It is
also quite diferent from the metallization of divalent

(8«1),

8

6=1.

and trivalent

metal overlsyers

adsorbed on semiconduc-

tor surfaces. Our results indicate that the metallic character attributed to the alkali-metal monolayer is, in fact,
the metsllization of the reconstructed Si surface. Moreinterover, our work introduces a metal-semiconductor
face, wherein the pinning of the Fermi level at 6=1 is
almost totally determined by the intrinsic surface states.
The organization of this paper is as follows. In the
next section the model and the details of the selfconsistent-field (SCF} calculations are described. In Sec.
III the optimization of the atomic geometry for the
K+Si(001) system, yielding an equilibrium structure
with a large ionic binding energy, is explained. Section
IV is devoted to discussion of the calculated electronic
structure, such as the energy band structure of the unsupported K monolayer, the clean and K-covered Si(001)
surfaces, and the work function. In Sec. V the analysis
of the SCF charge density is presented. In Sec. VI our
results are compared with the experimental and theoretical studies, and our interpretation is presented. In addition, a brief discussion of the surface collective excitations relevant to the system at hand is given. Finally,
our conclusions are stated in Sec. VII.

II. METHOD OF CALCULATIONS
calculations
SCF-pseudopotential
performed
the framework of the local-density functional
We used nonlocal,
theory applied in momentum space.
norm-conserving ionic pseudopotentials given by Bachelet er a/.
These ionic pseudopotentials were generated
exchange-correlation
potenby using Ceperley-Alder
tial. ' For the sake of compatibility, we carried out calculations by using the same exchange-correlation potential with a parametrized form of Perdew and Zunger. i
The calculations were done for an unsupported K monolayer, and for a clean, and a K-covered Si(001) surface
using a repeating slab geometry. The vacuum spacing
between slabs wss taken to be 14 s.u. The silicon substrate with the (001)-(2 X 1) reconstructed surface is
simulated by a slab consisting of eight atomic layers (i.e.,
16 Si atoms in the slab unit cell). The top surface is either clean or covered by alkali-metal atoms, but the bottom surface is always saturated by hydrogen atoms. For
the positions of the Si atoms we used the optimized
reconstruction geometry with a symmetric dimer bond
That the
model proposed by Abraham snd astra.
symmetric dimer bond is favorable relative to the asymmetric dimer bond was first suggested by Pandey,
and
rnisubsequently was observed
by scanning-tunneling
We

within

croscopy.
Electronic states were represented by -550 plane
waves. During the self-consistency iterations the charge
density was sampled at 15 k points placed uniformly in
the surface Brillouin zone (BZ). This parameter set,
though sufFiciently large, may not provide absolutely
converged results. However, we believe that the degree
of convergence to be achieved should be compatible with
the accuracy required in the calculation of a particular
property. For example, a small energy difFerence between the symmetric snd asymmetric dimer bond recon-

SURFACE METALLIZATION OF SILICON BY POTASSIUM. . .

37

struction certainly requires a much larger basis set,
whereas the gain of energy from the diner bond formation in a (2X 1) reconstruction is rather large ( —1.5 eV),
and thus the overall properties of the Si(001}-(2X1) surface can be dealt with by a relatively small basis set.
As will be seen in the following section the binding energies resulting in these calculations are sufBciently large,
and thus can be handled with reasonable accuracy by using a basis set consisting of about 550 plane waves and a
charge density sampled at 15 k points. Since the surface
bands and the s band of the unsupported K monolayer
are smooth, and are also devoid of band crossings near
the Fermi level, the coarse BZ sampling may lead to an
03 eV in the calculated total energies.
error of
This error is further reduced by using a thermally
broadened Fermi-Dirac distribution function. As an independent test for the convergence the width of the
valence band of an eight-layer Si slab was close to the
value for bulk Si calculated with a basis set of 250 plane
waves, which corresponds to a kinetic energy cuto8;
~k+6~ =12 Ry. We have repeated calculations of
structure optimization with a larger kinetic energy cuto8
and with a thinner [i.e. , five-layer Si(001)-(2X1)] slab,
and observed that the values, in particular the equilibrium configuration and the binding energy, are not seriously affected. Moreover, for critical geometries (i.e.,
the equilibrium structure proposed here and the structure in which the Si-K internuclear distance d~s; K~ is obtained from the sum of the atomic radii of Si and K} we
used a large basis set consisting of -1000 plane waves to
calculate total energies.

-+0.

DI. EQUILIBRIUM STRUCriJRE
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FIG, 1. Side and top views of the equilibrium structure of
Si(001)-(2X1) surface, Shaded large
the potassium-covered
and empty small circles denote K and Si atoms, respectively.
Numerals in the circles indicate the atomic layers. a =10.26
a.u. , h (or z)=2. 4 a.u.
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a.u. Based on the LEED data the formation of chain
structure from the K overlayer was previously pro-

To Snd the equilibrium structure and the position of
the adsorbed potassium layer we carried out an extensive
geometry optimization within the (2X1) unit cell. In
view of the LEED data exhibiting a clear (2X1} pattern" ' (1X1) reconstruction was not considered. By
positioning a potassium atom above ihe dimer bond,
along the dangling bond, and above the hollow site with
varying heights (h) from the surface, we investigated
several adsorption sites. For each atomic configuration
(corresponding to the diferent location and height of the
K atom} the total energies were calculated with a selfconsistency tolerance of 10
Ry (root-mean-square deviation), assuring a reasonable level of self-consistency.
our calculations
Among these atomic configurations,
yielded the lowest total energy for the K atom located at
the center of the sixfold hollow site, between two parallel
dimer bonds, and 2.4 a.u. above the surface. This leads
to an internuclear distance of the substrate silicon and
4. 9 a.u. The equilibrithe adsorbed potassium, Its; K] —
um structure as illustrated in Fig. 1 indicates that the
adsorbed K atoms form a chain alon the [110]direction
with an interchain distance of 2a 2 (a being the lattice
parameter of Si). Because of this atomic configuration
the K overlayer (and K monolayer) is denoted as the K
chain in the text. Along the chain each K atom has two
nearest neighbors with an internuclear distance of 7.26

posed.
We found that K located above Si as if it saturates the
dangling bonds is energetically unfavorable relative to
the optimized equilibrium structure. This implies that K
behaves differently as compared to other atoms (such as
H}, which form strong (covalent) chemisorption bonds
with the surface Si atoms.
The stability of the clean, reconstructed surface upon
adsorption is usually a critical point to be taken into account. In the present system the dimer bond is a strong
bond (almost as strong as the bulk Si Si bond). As far
as the adsorption site of K is concerned, one does not
expect any bond breaking, or any other signi6cant rearrangement of surface atoms upon K adsorption. However, since the atomic structure of the substrate was 6xed
during the geometry optimization of the adsorption, the
stability of the Si(001)-(2X1) surface has to be investigated to assure that this is indeed the case. We examined the stability of the (2 X 1) reconstruction geometry
by calculating the interatomic forces in the presence of
the K overlayer. %e found the forces acting on the Si
atoms were small. This suggests that the displacement
of Si atoms is insignificant, and the substrate surface is
stable after the adsorption of potassium at
Having determined the equilibrium structure we next
calculate the binding energy. This is done in three steps.

—
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%'e first calculate the total energy of the unsupported K
monolayer. Secondly, we calculate the total energy of
the clean Si substrate. For the sake of a consistent comparison of the total energies the parameters of calculations in Sec. II are kept fixed. The binding energy of the
K monolayer to the Si surface is found to be 2.4 eV per
K atom. By adding the cohesive energy of the K monolayer we obtain the binding energy of a potassium atom
eV. To provide
to the Si(001)-(2X 1) surface to be
an analysis of the stability, we calculate also the total energy of the bulk K by varying the cubic lattice parameter. The energetics of the K+Si(001)-(2X 1 ) system and
bulk potassium with respect to the unsupported, metallic
K chain in registry with the K adsorbed on Si(001)(2 X 1) surface are presented in Fig. 2.
based on surfaceRecently, Kendelewicz et al.
fine-structure (SEXAFS) reextended x-ray-absorption
sults, estimated that the internuclear distance of the surface silicon and the absorbed potassium, d~s;~& is 5.9
a.u. (3. 14%0. 1 A). This particular structure was conand was
sidered in our earlier geometry optimization
found to be energetically unfavorable. We have since repeated the calculations for these two structures (i.e.,
4. 9 and 5.9 a.u. ) with a much larger basis set
d~s; Ki —
(-1000 plane waves). Our pseudopotential calculations
find the structure derived from SEXAFS data has -44
mRy higher energy (less stable). This is even 6 mRy
higher than that calculated by using -550 plane waves.
The significant point to note, however, is that the
SEXAFS-derived structure with d~s; ~i —5. 9 a.u. still has
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FIG. 2. Calculated binding energies of K+Si(001)-|,'2~1)
and the bulk K relative to the unsupported, metallic K chain
in rey'stry with the K-adsorbed Si(001)-(2&1). % and CA
denote signer and Ceperley-Alder exchange-correlation potentials used in the calculations, z the height of the adsorbed K
above the surface, and d the nearest-neighbor distance in the
bcc lattice of the bulk potassium.

(-2.

5 eV). It is not too surprisa high binding energy
ing since the local-density approximation underestimates
the structural parameters related to K. For example,
exchangecalculations ' with
a Hedin-t. undquist
correlation potential
provide excellent prediction for
the binding energy of the bulk potassium, but underesti6 a.u. Calculated
mate the cubic lattice constant by
structural parameters are strongly dependent on the
treatment of the exchange-correlation
potential. The
values obtained for the cubic lattice constant by using
the Wigner
and Ceperly-Alder ' exchange-correlation
potentials are 9.2 and 8.9 a.u. , respectively. Owing to
the low charge density between Si and K atoms (and also
perhaps due to the ionic pseudopotential used here) our
the value of d~s; xi.
calculations may underestimate
Nevertheless, as will be shown in Sec. VI, the nature of
the interaction between K and the Si surface is unaltered
even for d~siK~ derived from SEXAFS. Also, the binding energies and the character of the interaction between
K and the Si surface are in agreement with the independent Hartree-Fock calculations.
Another possibility one considers is that SEXAFS
measurements may correspond to a different adsorption
site. In view of the fact that K adsorbs in the lowwe have examined also the
@barge-density regions,
second hollow site, i.e., K positioned above the thirdlayer Si, between two dimer bonds in Fig. 1. This
configuration leads to a value of d~s; iti which is close to
that estimated from SEXAPS, and may also be the location where K atoms are adsorbed at 6~1. This adsorption site is, however, less stable according to our calculations. In Table I the total energies of these structures are compared.
High binding energy obviously indicates that a strong
interaction takes place between the K overlayer and the
Si surface. The calculated binding energy is three times
larger than the binding energy of the bulk metal, and
also five times larger than that of the metallic K chain.
It is also seen that the unsupported, metallic K chain is
unstable relative to the bulk K. However, owing to this
strong interaction both the metallic K chain (or monolayer) and the bulk K become unstable relative to the K
adsorbed on the Si surface at 8=1. We now examine
the nature of this interaction, and determine the efFect of
the Si surface, which makes the metallic state of the K
chain unstable.

-0.

TABLE I. Comparison of total energies calculated for three
adsorption structures. ET ', the total energy of the equilibrium
4. 9 a.u. and h =2.4 a.u. ; ET ',
structure me found with d&&; K) —
same adsorption site but h =4.2 a.u. and d(s; K) —
5. 9 a.u. as
proposed in Ref. 40; ET ', the hole site above the Si atom in the
third layer and d(s; z) —
6. 2 a.u. The reference of energy is taken to be ET'. Calculations are performed using -550 plane
%'aves.

E"' (mRy)
-S6
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IV. ELECTRONIC STRUCTURE
The character of the interaction underlying the large
energy is clari6ed by a study of the electronic
structure. The energy band structure of the unsupported
K monolayer with the same 20 lattice registry as the K
overlayer is shown in Fig. 3(a). The lowest band is
formed from the 4s-valence orbital, and thus has an s
symmetry. The dispersion of this band is large along the
chain direction (~~k„}but small in the directions perpendicular to the chain (~~k„), so that the ratio of the
effective masses m„'/rrt = 6. This implies that the
alkali-metal overlayer would display a 1D metallic character if it underwent a metal-insulator transition. However, as we shaB see later, this does not happen. The
dimensionality of the upper p-like bands is not as obvious as of the lowest s-like band.
The energy bands of the K-covered Si are shown in
Fig. 3(b). It is seen that upon adsorption the metallic
bands of the K monolayer are almost totally discarded,
and perhaps are merged in the conduction band of the
substrate. Two bands in the gap, labeled D& and D2,
originate from the dangling bonds of the reconstructed
Si(001) surface. In Fig. 3(c) we have schematically
traced the origin of these two bands. Dangling orbitals
(rabbit ears) of a Si atom interact with those of the adjacent Si atom to give a fully occupied 0 dimer bond and
band in addition to rr(D, } and
a completely empty
rr'(D2) bands in the region of EF. Earlier it was proof the dimer bond,
posed that owing to the asymmetry
the D t and Dt bands split, causing the clean reconstructed surface to have an insulating character. It was
later shown3 that the energy difFerence between the
symmetric and asymmetric dimer bonds is too small for
this to occur, and upon adsorption the dimer bond is
symmetrized leading to a slight overlap of the surfacestate bands.
Therefore the overlap of the bands in the
gap arises mainly from the polarization effects of the adsorbed potassium. The Fermi level passes through the
Dz band, which is normally empty when the Si surface is
free of adsorbates. It appears that the valence 4s electrons of the K overlayer are accommodated by D2
(which becomes partially occupied) leading to the metallization of the surface.
Surface states or resonances in the conduction band
are shown only in the energy region where the interband
These states are acplasmon dispersion is measured.
cessible by the excited electrons in the EELS experiment,
which samples mainly the surface region, and are likely
to be responsible for collective and individual excitations. The resonance state R (which originates from 0')
hybridizes with different bulk conduction-band
states
along the [100] direction. At the center of the surface
BZ the R state is located 1.9 eV above the filled D&
band. The individual excitation energy inferred from the
energies of the D, and R states is in fair agreement with
the observed EELS peak.
The local and total density
of states in Fig. 4 shows the surface character of D, and
D2 states. The backbonding and dimer-bond states can
be identified in the valence band, indicating that the
effect of the adsorbed alkali-metal layer on the surface
binding

..

states is insigni6cant. The calculated work function of
the K-covered surface is found to be 2.3 eV lower than
the work function of the clean surface. fhis value is in
fair agreement with the observed lowering of the work
function upon the K adsorption. '

'
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FKIf. 3. Calculated energy-band structures: (a) unsupported
K monolayer (or K chain) with the same 20 lattice registry as
the K overlayer,
{b) K+ Si(001)-(2 & 1) surface
with
—4.9 a.u. For (c}, see text. Surface states for k~([100]
d&s; K,

are shown by dotted lines. Surface Brillouin zone and the surface atomic con6guration are shown by the inset. Large shaded, small sohd, and small open circles describe K and Srst- and
second-layer Si atoms, respectively.
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FIG. 4, Layer

density of states calculated at the surface (1L)
and at the fourth layer (4L) of the K-covered Si(001)-(2X1)
slab. Pdb and Sdb are p- and s-like dimer bond states. SPb is an
(s+p)-like backbonding state (see Ref. 38). D& and D& are
dangling-bond surface states.
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V. CHARGE DENSE Y ANAI. VSIS

(

D„Dz,

The origin and the localization of three states
and R, which are relevant for the surface metallization,
and the excitation spectrum are deduced from analysis
of the state charge distribution. In Fig. . 5 the contours
of charge densities of D& and D2 for the clean Si(001)(2X1) surface show clearly their dangling-bond origin.
The resonance state 8 in the conduction band has a surface localization and an antibonding character. Figure 6
iBustrates the same states after the adsorption of potassium. It is seen that except for slight polarization and
changes in the value of charge maxima the danglingbond character of D, and D2 is unaltered. However, no
charge accumulation is observed in the proximity of the
potassium
atom; this would be suggestive of the
significant contribution of the alkali-metal atoms, or the
retransfer of charge upon the metallization of the overlayer. The changes in the character of the empty resonance state owing to the contribution of the K atom are,
on the other hand, observable [see Fig. 6(c)]. While the
density between the surface and the subsurface layers recedes, the vacuum region above the alkali-metal overlayer gains some charge. The contour plots of R in Fig.
6(c) give an impression about the formation of the
charge density of a state having some origin from the
overlayer. Note that the clean surface has also a resonance state about 2 eV above the Fermi level. This state
prevails in the presence of the overlayer, except that its
energy shifts slightly.
The contour plots of the total (valence) charge density
in a horizontal plane 2.4 a.u. above the surface (which
corresponds to the plane of the overlayer with the equilibrium d~s; z~ —
4. 9 a.u. found in our study) are shown
in Fig. 7 for the clean and K-covered surfaces. Their
shape with two maxima, and their location with respect
to the surface Si atoms, indicate that the charge density
above the surface is peculiar to the substrate surface.
The characteristic shape of the contours prevails even

FIG. 5. Charge-density contour plots of D&, D2, and R calculated for the clean Si(001)-(2X1) surface at k=(0; 0.108
a.u. ) in a vertical plane described in Fig. 6. The atomic (001)
planes of Si substrate are shown by dash-dotted lines. Charge
density increases in the direction of small arrows. Contour
spacings are (a) 5 X
(b) 5 X
and (c) 10 a.u.

10,

10,

far above the overlayer. The charge density of the unsupported K monolayer, which is indicative of how the
charge with s symmetry would be distributed upon the
metallization of the overlayer, is distinctively diN'erent
and has a single maximum (see Fig. 8). A similar comparison can be made in Fig. 9, where the charge-density
contour plots in a vertical plane passing through the dimer bond are shown. The pronounced el'ect of the adsorption is the increase of the density of contours around
surface silicon atoms, but again no charge is seen above
the alkali-metal overlayer.
A pictorial manifestation of the fact that the partially
fiilled gap states are only the antibonding dangling-bond
states is exhibited in Fig. 10. The vertical plane chosen
passes through the potassium and its two nearest-

neighbor surface Si atoms. Figure 10(a) shows the
charge density for the clean Si(001)-(2 X 1) surface,
pISiI. The corresponding contours in the presence of
the K overlayer, pIK+Sij, are seen in Fig. 10(b). As in
previous plots there is no obvious dramatic change in
the shape of the contours, but notably absent is any
directional bond between K and the nearest Si atoms or
any metallic charge distribution above the overlayer.
The density of the contours increases in the case of the
K overlayer in going from the surface into the vacuum
with a general accumulation of charge in the danglingbond region. A crucial result emerges upon examining
the dtfference plot, pI K+81 I —
pI SlI, 1n F1g. 10(c). Owis actually depleted
the
core
the
repulsion
charge
to
ing
from the region around the K atom and instead it has
accumulated around the surface Si atoms. The shape of

the accumulated charge is reminiscent of the danglingbond surface state D2 in Fig. 6(b).
This analysis of the charge density demonstrates that
the adsorption of the alkali-metal atom does not lead to
any new state in the gap, but the 4s valence electron has
simply gone into SBing the empty dangling-bond surface

state.
VI, MSCUSSIONS

The total energy and force calculation in Sec. III
yielding an equilibrium structure, in which the adsorbed
potassium atom was located at the center of the hollow
site between two dimer bonds. As depicted by Fig. 10,
the total charge has the lowest density, where the K
atom is located. According to the equilibrium structure
found in this study each potassium has four nearestneighbor silicons, the K-Si internuclear distance being

D2

FIG. 6. Charge-density contour plots of D&, D&, and R calculated for the K-covered Si(001)-(2X1) surface at k=(0;
0. 108 a.u. '} in a vertical plane passing through K and two
4. 9 a.u. and contour spacings
nearest surface Si atoms. d&&; K» ——
are 5 X 10 for (a) and (1), and 10 for (c) in a.u.

FIG. 7. Contour plots of the total charge density in an horizontal plane 2.4 a.u. above the Si surface. @ [[[110];ye~[110],
and z I[001]. The surface unit cell is delineated by dash-dotted
lines. Contour spacings are 0.002 a.u.
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4.9 a.u. On the other hand, the nearest K-K distance in
the overlayer chain is 7.26 a.u. , which is 1.4 a.u. smaller
than the nearest-neighbor distance of bulk potassium in
the metallic state. The shorter distance is consistent
with K being ionic on the surface. Note that Cs atoms
adsorbed on W(001) surface were observed to have the
Cs-Cs distance smaller than that in the bulk metallic
state. ' In view of the rapid decrease of the work function an ionic state was attributed to the Cs overlayer in
the initial stage of adsorption.
The cohesive energy of potassium in the bulk metallic
state is known to be —1 eV. We calculated the cohesive
energy of the unsupported K monolayer with the same
lattice registry as the K overlayer to be 0.6 eV per atom.
The calculated binding energy of the adsorbed K atom
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was rather large (3 eV) and is comparable with the
cohesive energy in the ionic KC1 crystal. This simple
analysis based on energetic considerations suggests that
the binding is ionic and the metallization of the adsorbed
K overlayer does not take place. Otherwise, the metallization would cause the alkali-metal atoms overlayer to
relax from the surface by regaining their charge, so that
they would lose 3 eV per atom but gain only 0.6 eV
through metallic cohesion.
Our results obtained from the calculations of the electronic structure and SCF charge density corroborate our
conclusion that the binding is ionic. It becomes clear
that the adsorption of the alkali-metal atom does not
lead to any significant changes in the states of the clean
surface. The bonding and antibonding dangling-bond
bands persist with slight modifications in their dispersions. No genuine K states suggestive of the overlayer
metallization appear near the Fermi level. A sizable
effect of the K atom was seen only in the conduction

band.

FIG. 8. Contour plots of the charge density calculated for
the unsupported K chain (monolayer) with the 20 lattice registry of the K-covered Si surface. The unit cell is shown by
dash-dotted lines of the (a) horizontal and (1) vertical plane as
in Fig. 6. Contour spacings are 4)& 10 a.u.

FIG. 9. Contour plots of the total charge density in a vertical plane passing through the dimer bond: (a) clean surface
and (1) K-covered surface. Contour spacings are 0.004 a.u.
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(a)

(b)

(c}

FIG. 10. Contour plots of the total density in a vertical
plane passing through K and two nearest surface Si atoms (the
same plane as in Figs. 5 and 6): (a) clean Si(001)-(2X1); (b)
K+Si(001)-(2)&1) with d&s; K, ——4. 9 a.u. (c) DifFerence plot of
(a) and (b) showing regions of charge depletion (dashed lines)
and charge accumulation (solid lines), Uncharged-density
contours are shown by dash-dotted curves. Atoms in the plane
and atoms projected onto the plane are shown by solid and
open circles, respectively. The contour spacings are 0.004 in
(a) and (b), and 8)&10 a.u. in (c).

In order to explore the character of the empty bands,
the K-covered Si(001}-(2X1) surface has been recently
inverse-photoemission
studied by using angle-resolved
At normal incidence two surfacespectroscopy.
sensitive features 0.25 and 2.8 eV above the Fermi level
are identified, which are quenched upon exposing the
The energy locations of these
surface to oxygen.
features coincide with the calculated empty surface
states D& and R. The lower surface feature exhibits very
little dispersion around I and then fades away. This is

..

consistent with the fact that the calculated Dz band dips
belo~ the Fermi level and becomes occupied.
The upward dispersion at larger k along the [100] direction,
however, is not accounted for in the calculations. The
observed feature in the conduction band disperses upwards along the [100] direction, and could agree well
with the R band.
These results indicate that the valence electrons of the
K atoms are donated to fill the empty surface states
leading to the metallization of the Si surface. In contrast, alkali-metal atoms adsorbed on transition-metal
surfaces regain their charge at saturation coverage, and
become metallized. This is shown by the variation of the
work function, which passes through a minimum, and
increases towards a saturation value corresponding to
the work function of the alkali metal. Here the presence
of the active dangling-bond states provides the crucial
difference between a metal and a semiconductor surface
at monolayer coverage. In the present system the
metal-insulator transition takes place through the metallization of the semiconductor surface, but not through a
Mott-type transition. Stated difFerently, metallic bands
do not form on the K monolayer adsorbed on the Si(001}
surface.
The attractive Coulomb interaction between the positively charged core and the surrounding electron density
of the dangling bonds is responsible for the strong bindis also supported by the
ing. Such an interpretation
total-energy calculations. In the course of structure optimization, the valence electrons of K were already
transferred to the surface even at a large distance
(h =5. 1 a.u. ). As h decreases, the Coulomb energy
predominates over other components of the total energy,
and pulls the ion to the equilibrium position. Strong
ion-ion repulsion (represented by the ionic pseudopotential), however, prevents it from entering into the sub-

strate.
Since the adsorbed alkali-metal
atom donates its
valence electron to the Si surface band, and eventually
becomes positively charged, the 3p-core shift and the decrease of the work function are easily understandable.
The rapid decrease of work function at
&g1 may imply a relatively larger adatom-surface distance at the initial stage of coverage. As the coverage increases more
charge builds up on the surface and, consequently,
higher attractive forces act on the adatom to pull it
closer to the surface. Toward saturation coverage, the
adatom-surface distance becomes smaller and results in
an effective core screening. The local density of states
above a horizontal plane bisecting the erst and second Si
layers yields 8.9 electrons per surface unit cell (slightly
fewer than nine electrons). In this region the surface
electrons can provide a screening of the K core potential
comparable to that of the bulk metal. This picture is
consistent with the decrease of the work function at a
lower rate near saturation coverage. At this point we
comment upon recent experimental work by Gelling and
Miranda,
revealing for the first time the multilayer
coverage of K on the Si(001) surface. In contrast to previous data, ' they observed that the work function also
passes through a minimum at 8=1. Upon further K
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saturates 0.4 eV above the minimum value.
deposition
Helmhotz expression they estimated a dithe
using
By
pole length of —1 a.u. for the case of complete charge
transfer from K to dangling-bond states. Their expenmental results can be interpreted to provide additional
support for our predictions. The observation of 4(8)
= 1 is certainly possible, but that range of covbeyond
erage has not been examined in our calculations. Howin the work-function
ever, the lack of a minimum
change, 64(8) for 0&8&1 confirms the absence of
overlayer metallization even when the K chain has been
fully formed. As the coverage increases beyond 6=1,
where K either adsorbs at a diferent site or forms a new
layer, 4(8) undergoes a change as expected. Finally, as
is clear from the charge distributions shown in Figs. 6
and 10, the average dipole length should be smaller than
our calculated equilibrium height, as is in fact obtained
by them. This is due to the sizable protrusion of the
danghng bond towards the vacuum, in which the valence
charge of K is accommodated. It should also be noted
that the change in work function cannot be related in a
simple way to the de ree of ionicity because of the
effects of polarization.
In our calculations a rigorous
account of the charge distribution led to h4 in fair
agreement with the experimental value. ' There is apparently some confusion about the change of h with coverage. It has been shown by us earlier' that with increasing 8, h increases, provided that there is overlayer
metallization. In the present work, up to 8=1 only, the
overlayer was not metallized up to that coverage, and
hence there is no increase in h.
So far we have established the type of the binding and
the origin of the metsllizstion. In view of these findings
let us turn to s brief discussion of the excitation specElectron-energy-loss
trum. 2
spectra (EELS) show a
peak with the energy position depending on the K coverage. ' At low coverage a broad and weak loss peak at 4
eV could not be identified clearly because of the strong
bulk transitions. However, the intensity of the energyloss peak increases sharply for
~0. 6, and is stabilized
in energy near 2 eV. Tochihara ' attributed this loss
peak to the excitation of the plasmon of the overlayer.
Subsequently, a positive dispersion (starting from 1.7 eV
at q =0 and dispersing upwards along q~~[100j and
q~~[110] directions) was observed by angle-resolved
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et al. attempted to deduce the dimensionality of the
overlayer. Using the parallel-rod model and also the
%'snnier representation based on the surface band structure, Tsukada et al. * calculated the dispersion of the
K overlayer.
The observed plasmon dispersion
should deviate
from the dispersion relations based on the 2D degenerate
electron gss for the following reasons: First, as illustrated in Fig. 11 the surface charge density is reminiscent of a rod, which originates from the Si surface states,
but not from the metallization of the overlayer. Secondly, as revealed from the self-consistent-field microscopic
the form of the
theory of the surface plasmons, '
initial- and final-state wave functions plays a decisive
role in determining the dispersion of the collective excitations. The initial- and the final-state wave functions in
Fig. 6 do not display any free-electron-like separable

x

8

EELS.
The collective excitations of 2D metals have been, in
the past, investigated extensively. '
Introducing the
so-called box model, Newns' was able to formulate the
dispersion relations of 2D metals from a 2D degenerate
electron gas. For small momentum, he found the intraand the interband
band plasmon dispersion as
plasmon dispersion as co,~a. (1 —
q). According to his
findings, co, first disperses downwards at small q and
passes through a shallow minimum and thereafter increases with increasing q. This behavior of the interfrom
band dispersion was confirmed experimentally
work on the K overlayer on Ni(001) surface. ' Based on
this dispersion relation, which is not in agreement with
the observed dispersion, snd in view of the structural
model of the K overlayer on a Si(001) surface, Aruga

~„~q

FIG. 11. (a) Contours of the total charge density of the Kcovered Si(001)-(2& 1) surface in the Si surface plane with contour spacings of 0.004 a.u. Surface and subsurface Si atoms are
shown by solid and open circles. Sohd and dashed lines denote
the dimer and back bonds. The (x,y) position of the adsorbed
K atom is indicated by x. (b} The surface plot of (a).
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components. Therefore, one cannot attribute a literally
1D character (i.e., states are confined in two dimensions,
but have a free-electron-like behavior in the third dimension) to the charge density arising from the D2 band. In
principle, the Fourier transform of the overlap matrix
has to be incorporated. Since the dimer bond and the
backbonding states are localized in the proximity of the
surface,
they are easily sampled by EELS. Moreover,
the energies of these states occur near the gap. Consequently, these states should also be taken into account in
the initial states of the polarization operator. The logarithmic singularities of the polarization operator correexcitations. The
(individual)
spond to single-particle
single-particle excitation from D, or D2 to R is expected
to have a significant contribution to the loss peak at
about 2 eV. As noted earlier, an EELS peak at 1.7 eV
was observed~ even for the clean Si(001)-(2)&1) surface,
and was assigned to an individual excitation from D& to
an unknown surface resonance in the conduction band.
Such a surface resonance (labeled R) is found in the
present study in nearly the correct energy position, and
is found to persist in the presence of the K overlayer.
Since the overlayer has not metallized because of the
presence of active dangling bonds, the origin of the
EELS peak can reasonably be sought in single-particle
excitations.
In summary, the type of bonding proposed in this
work is based on the considerably high binding energy of
potassium, the electronic structure, and an extensive
charge-density analysis of the K+Si(100)-(2X1) system.
The consensus is that the bonding is ionic for e~gl,
and as
1 the surface becomes metallic.
The controversy lies in, however, what is metallized (the Si surface
or the K overlayer), and what is the character of the
bonding. Theories claiming the metallization of the K
overlayer are based mainly on the formation of a 1D metallic chain of alkali-metal atoms having a nearestneighbor distance smaller than that of the bulk. '
Such a metallization is conceivable for metal substrates,
and the gain of energy would not be larger than 1 eV.
However, owing to the active, empty dangling-bond
states, the energy of metallization cannot balance the
large binding energy of
eV, and hence the bonding
continues to be ionic even at
1. As becomes clear
from the above discussion the present assignment for the
and
bonding is consistent with the experimental data,
conis also in compliance with the electronegativity
the electronegativity
siderations.
of Si
Recalling
[X(Si)=1.8] and the electronegativity of K [X(K)=0. 8]
one infers that Si is twice as likely to capture charge
than K. Our arguments about the bonding are supportwho has
ed by similar SCF calculations by Northrup,
predicted an ionic bonding for sodium adsorbed gn the
ideal Si(111) surface. Beyond the local-density approxiindicate also a large
mation, Hartree-Fock calculations
binding energy and transfer of charge from K to Si.
Other theoretical results ' proposing the metallizatlon of the overlayer either lack the total-energy mBlNHzation, or are based on inadequate interpretation of excalculated
perimental data. Previously Ishida et aI.
the band structure of the KSis H4 thin film by using an

LCAO-Jo. method. They did not carry out the totalenergy calculations to 6nd the equilibrium structure, but
estimated the K-Si distance from the atomic radii to be
6.65 a.u. It is apparent that the K-Si distance they used
in their calculations is much larger than what we found
Their LCAO- Jo.
by SCF total-energy minimization.
calculations resulted in a fundamental energy gap of 3
eV (which is much larger than the experimental energy
gap) and three surface bands with dominant K contribution. Based on a Mulliken s population analysis, which
yielded +0. 13 charge on the adsorbed K atom, they
concluded that the overlayer was metallized. These re-
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FIG. 12. Contours of the total charge density. First column
is in a vertical plane passing through K and two nearest surface Si shown in the inset. (a) K+ Si(001)-(2)& 1) with
5.9 a.u. (3.14 A); (b) clean Si(001)-(2&1) surface; (c}
d(s; K) —
dNerence plot of (a) and {b); {d) unsupported, metallic K chain
in registry with K on Si surface. Second column [(e)-(h) in the
same order as the first column] is in the plane of the K overlayer 4.2 a.u. above the surface Si. p is the maximum value
of charge, and 5 is the contour sparing. Dash-dotted curves
show the regions of charge depletion.
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suits are at variance with our findings. Kasowski and
Tsai carried out pseudofunction calculations within the
local-density approximation, and concluded that K does
not form an ionic bond with Si. They also Snd a d~s; K~
value larger than ours. They compared their model with
the UPS spectrum obtained from the Cs+Si(111)-(2X1 )
system. That the electronic structure of K+Si(ill)(2X 1) is diff'erent from that of K+Si(001)-(2X 1) and is
recently.
coverage dependent, has been demonstrated
Their arguments based on the EELS peak observed at
eV are not conclusive, because the clean Si surface
exhibits an EELS peak in ihe same energy region.
These experiments do not provide any direct support for
their model calculations. Using an arbitrary charge partitioning they assign the high charge density of the clean
Si surface to K. Consequently, they find charge transfer
from Si to less electronegative K.
More recently, angle-resolved photoelectron spectros'
copy by Enta et aI. rules out previous band models,
and veri6es our theory of the surface metallization.
By
going to higher K coverage, they have observed that the
metallic surface becomes insulating at e=2, because the
surface-state band Dz becomes fully occupied.
Conclusions about the nature of bonding based on
SEXAFS work measuring d~» K~ are not de6nite. According to a criterion set by Citrin, the interatomic distance measured by SEXAFS is a perfect candidate for
ionic bonding. We believe that one cannot draw definite
conclusions about the nature of the bond simply by looking at the bond length. Since the local-density approxithe structural parameters of K,
mation underestimates
and thus calculated values for d~s; K~ depend on the form
of the exchange-correlation potential, the important issue is the nature of the bonding. The point to emphasize
is that the bonding is ionic even for the value of d~s; it~

deduced from SEXAFS. To this end we show the SCF
charge distribution for d~s; z~ ——5. 9 a.u. (3.14 A). Plots
i.e.,
difference,
charge-density
of the valence
pIK+Sij —pISi), in Fig. 12 unambiguously show that
the origin of the surface metallization is the dangling
bond and not the metallic chain. As a result, the bond is
ionic at our d~s; K~, as well as at the large d~s; K~ derived
from SEXAFS.
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