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The Na and K adsorption on the Si(001)-2X 1 surface is studied by first-principles molecular dynamics

based on the norm-conserving pseudopotential. The stable adsorption sites are determined for full cov-

erage (8=1.0) and half coverage (8=0.5). At 6=0.5, the configuration with Na and K adsorbed along
the trough is more stable than predicted by the Levine model. The coverage dependence of the absorp-
tion energy suggests that the saturation coverage should be 8=1.0 for both Na and K and that a quali-

tative difference between Na and K can be observed in the growth mode of the adsorbed layer. Supple-
mentary calculations for e= —,

' and 6 are performed in order to obtain an insight into the difference be-

tween Na and K in the coverage dependence of the adsorption energy. It is pointed out that the partial
core correction for the pseudopotentials of Na and K is very crucial in the structural stability argu-
ments.

I. INTRODUCTION

The alkali-metal adsorption process has played a par-
ticularly important role in surface science. As alkali-
metal atoms have simple electronic structures, an under-
standing of alkali-metal adsorption should be an in-
dispensable first step towards the understanding of chem-
isorption in general. Besides, the chemically active na-
ture of alkali-metal atoms makes alkali-metal adsorption
very attractive in fundamental research as well as in ap-
plication: Alkali-metal adsorption produces a significant
lowering of the work function and activates chemical re-
actions on surfaces. Alkali-metal adsorption has there-
fore been intensively studied for decades, both experi-
rnentally and theoretically. ' Nevertheless, there is no
consensus of some very fundamental aspects of alkali-
metal adsorption. For example, the mechanisms of
work-function change by alkali-metal adsorption had
been interpreted for a long time in terms of charge
transfer as suggested by Gurney before detailed
electronic-structure calculations demonstrated that the
polarized covalent bond is a more appropriate concept in
real systems. '

The situation of alkali-metal adsorption on a Si surface
is more complex. As for the basic nature of adsorption,
Ciraci and Batra claimed an almost perfect ionic state
for alkali-metal adatoms even at high coverage, while
Ishida and Terakura demonstrated the existence of
strong hybridization between the s state of an alkali-
metal adatom and substrate Si states and claimed a valid-
ity for the polarized covalent-bond picture even at low
coverage. In addition to such fundamental problems in
the electronic state, structural problems on the Si surface

are also of great importance. For specificity, we will
confine ourselves to alkali-metal adsorption on the Si(001)
surface in the following.

On the clean Si(001) surface, the outermost Si atoms
form dirner rows. At the saturation coverage of alkali-
metal atoms on this surface, the Levine model, where
adatoms are assumed to sit at the hollow site along the
hill of the dimer row (called the HH site hereafter), has
been widely accepted. The Levine model corresponds to
6=0.5 with the coverage 6 defined as a ratio of the
number of adatoms to that of the outer most substrate Si
atoms. The surface must be metallic with 6=0.5. How-
ever, Enta et al. found by angle-resolved photoemission
measurement that the Si(001) surface with a saturation
coverage of K is insulating, and Abukawa and Kono'
proposed a double-layer model in which K would be ad-
sorbed along the trough between the dimer rows as well
as at the HH site. A reAection high-energy electron-
diffraction (RHEED) analysis" and the thermal-
desorption spectrum' support the double-layer model.
A recent experiment using ion scattering' also claims
6=1.0 to be the saturation coverage. The insulating na-
ture of the surface was also concluded for Na adsorption
at saturation coverage, ' which was taken as evidence of
6= 1.0. However, there are some strong arguments
against it. According to an analysis by Glander and
Webb, ' the saturation coverage of Na is 8=0.68.

After the work by Enta et al. and Abukawa and
Kono, ' several theoretical attempts have been made to
determine the stable adsorption site for Na and K. (See
Fig. 1 for the possible adsorption sites. ) At 8=0.5, Ye,
Freeman, and Delley' and Ramirez, ' respectively,
identified T4 as the K-adsorption site with the shortest
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discuss their implications in order to attain a comprehen-
sive understanding of the structural stability of alkali-
metal adsorption on the Si(001) surface. Our results for
the coverage dependence of the adsorption energy sug-
gest a qualitative difference between Na and K in the
growth mode of the adsorbed layer. A detailed discus-
sion will be given to the microscopic origin of this
difference.

The organization of the present paper is as follows: in
Sec. II model and methodological details are described.
Results are presented in Sec. III, and concluding remarks
are given in Sec. IV. Some comments are made on the
PCC in the Appendix.

II. MODEL AND CALCULATIONAL METHOD

FIG. 1. Top view of the Si(001)-2X1 asymmetric surface.
The 2X1 unit cell is indicated by dashed lines. The HH, HB,
T3, T4, and B2 sites are indicated. The interdimer bridge site
B2 is not necessarily just on top of the second-layer Si atom.

K-Si bond lengths of 3.22 and 2.65 A. In a recent work
by Batra on Na adsorption, ' the original Levine model
was supported. Among the three works, the lattice relax-
ation of the substrate was taken into account only in
Batra's work. Ye, Freeman, and Delley treated an ex-
tended cluster with the discrete-variational method com-
bined with the local-density approximation (LDA) in
density-functional theory; Ramirez, an isolated slab with
an incomplete neglect of differential overlap (INDO)
scheme of the Hartree-Fock method; and Batra, a
repeated-slab model with norm-conserving pseudopoten-
tials in the LDA. Our previous calculation for Na ad-
sorption, ' similar to Batra's, however, led us to identify
T4 as the adsorption site, similar to the results by Ye,
Freeman, and Delley and Ramirez, but with an energy
difference between the HH- and T4-site adsorptions of
only 0.01 eV/Na. At 6=1.0, Batra did not find a mean-
ingful energy difference between the two possible corn-
binations of adsorption sites, HH-T3 and HH-T4, while
we found that the combination HH-T3 is slightly more
stable than that of HH-T4 by 0.01 eV/Na. '

In our recent work, ' we performed similar calcula-
tions on the K/Si(001) system and demonstrated that the
optimized structure at 8= 1.0 agrees we11 with the
double-layer model of Abukawa and Kono' and that it
could explain the thermal-desorption spectrum. ' Anoth-
er important lesson from this calculation is that the par-
tial core correction (PCC) (Ref. 22) to K is crucial for ob-
taining a reasonable K-Si bond length. Without the
PCC, the bond length is underestimated. With these
findings, we checked the effect of the PCC on Na and
found it also to be very important. In Batra*s calcula-
tion' and our previous ones, ' ' the PCC was not taken
into account and the Na-Si bond length was too short
compared with the experimental estimate. With the im-
plementation of the PCC, the most stable adsorption site
at 0=0.5 turns out to be the T3 site for both Na and K.

The purposes of the present work are to present several
theoretical results for both Na and K adsorption and to

The present calculation is based on the LDA in
density-functional theory ' with the Wigner interpola-
tion formula, for the exchange and correlation, and on
the norm-conserving pseudopotential. The pseudopo-
tentials for Si and Na are obtained following the prescrip-
tion by Bachelet, Hamann, and Schluter, while the p and
d parts of the pseudopotential of K are obtained by
Hamann's scheme. The d part is treated as a local po-
tential for all the three elements, and the pseudopoten-
tials are transformed into a separable form as suggested
by Kleinman and Bylander. The PCC developed by
Louie, Froyen, and Cohen is incorporated into the
pseudopotential for Na and K. The PCC is very impor-
tant for Na and K, although it can be neglected for Si.

We adopt a repeating-slab geometry and a plane-wave
basis. The substrate is represented by a ten-layer Si(001)
slab, and a vacuum region of the same thickness (13.6 A)
is inserted in between Si slabs. However, for estimating
the work function, only the electronic structure is recal-
culated with a thicker vacuum region of 19.0 A. The
alkali-metal atoms are introduced on each surface of the
Si slab. The cutoff energy of the plane-wave basis is 6.25
Ry, which results in a maximum number of 1488 plane
waves for 6=0.5 and 1.0 with the (2X1) unit cell and
4304 plane waves for 6=—,

' and —', with the (2X3) unit
cell. The surface Brillouin zone is divided into 4X8
(2X2) meshes, and 32 (4) inequivalent K points are used
for 6=0.5 and 1.0 (6=—,

' and —,'). The optimization of
the electronic and ionic degrees of freedom is performed
by a modified version of erst-principles molecular dynam-
ics (FPMD). We adopt a steepest-descent type of algo-
rithm for the electronic degree of freedom as proposed by
Williams and Soler and ordinary molecular dynamics
for the ionic motion. The convergence criterion for
forces acting on atoms is 3.0X10 Ry/aH, with aH
denoting the Bohr radius (=0.5292 A). We use the opti-
mized (2X1) asymmetric dimer structure as a starting
configuration for the substrate and consider three possi-
ble adsorption sites HH, T3, and T4, as shown in Fig. 1.
In our previous calculations, the adsorption at the
bridge site of the Si-Si dimer was found to be very unsta-
ble. In order to check whether these adsorption sites are
local minima on the Born-Oppenheimer surface, the
starting positions of Na and K atoms are away from

0
these sites by about 0.48 A along the dimer row. In the



45 OPTIMIZED STRUCTURES AND ELECTRONIC PROPERTIES. . . 3471

process of structural optimization, the Si atoms in the
two center layers of each Si slab are fixed at their bulk
positions for K adsorption, while all the Si atoms are al-
lowed to relax for Na adsorption. As the atomic dis-
placement in the middle layers is only 0.17 A, the
difference in the optimization process between Na and K
cases may produce only minor effects.

III. RESULTS AND DISCUSSION

We first describe the effects of the PCC on the bulk
cohesive properties of Na, K, and Si. The calculational
conditions and results, together with the experimental
data, ' are summarized in Table I. Clearly, the PCC
is crucial in obtaining reasonable cohesive properties for
Na and K, while it has negligible effects for Si. The im-
portance of the PCC for alkali-metal atoms may be inter-
preted in the following way. First, in the case of K in
particular, overlap between the core and valence charges
may be significant because of the existence of a rather
shallow core state. Second, as the alkali-metal atoms are
monovalent, the valence-electron density is rather low.
Therefore, the valence-core charge overlap produces rela-
tively significant effects in the exchange-correlation ener-

gy and potential. Third, as the alkali metals are soft, a
small change in the potential may cause a large change in
the cohesive properties. Further comments on the PCC
are made in the Appendix.

A. Stable structures

1. Clean Si(001) surface

We optimized the structure of the clean Si(001)-2X1
surface with asymmetric dimers. The amount of buck-
ling, i.e., the difference in the height, of the Si atoms of
the asymmetric dimer is 0.54 A and the dimer-bond

0

length is 2.26 A. The corresponding values by Yin and
Cohen" are 0.31 and 2.25 A, respectively. The present
bond length is shorter than the experimental value (2.47
A) by 8.5%%uo. As we show in a separate paper, the opti-
mized value of the dimer-bond length in the e (4 X2 )

structure is 2.31 A, which is slightly closer to the experi-
mental value. When alkali-metal atoms are adsorbed
with high coverage (6 0.5), the asymmetry in the Si-Si
dimer is significantly suppressed. Therefore, the ordering
energy of the asymmetric dimers will also be suppressed.
This will justify the use of the (2X1) unit cell in the
present study on alkali-metal adsorption for 8=0.5 and
1.0.

2. 8=0.5

Both HH and T3 sites are local minima, with the latter
being more stable for adsorption of Na and K. Even if
the starting atomic position is fairly close to the T4 site,
both Na and K move toward the T3 site. There is experi-
mental evidence supporting our results for K. Note,
however, that in our previous calculation' for Na
without the PCC, T4-site adsorption was more stable
than T3-site adsorption. We will show later that atomic
size may be an important factor in determining the stable
adsorption site. Side views of the optimized structures
are shown in Figs. 2 and 3 and some of the interatomic
distances are summarized in Table II. As for the sub-
strate relaxation upon Na or K adsorption, the Si-Si
dimer-bond length is significantly elongated and the
asymmetry in the Si-Si dimer is reduced. K produces a
slightly larger substrate relaxation.

As we demonstrate later, the intersite distance both for
the T3 and HH sites is too short for K. In this sense, zig-
zag displacement of K atoms seems to be plausible in or-
der to relax the strain in the adatom chain. Ye, Freeman,

TABLE I. Summary of bulk calculations of lattice constant and bulk modulus for bulk materials Na,
K, and Si together with the experimental data. Deviation of the calculated value from the experimental
one is shown in the parentheses. "no PCC" and "PCC" denote calculated results without and with the
partial core correction, respectively. The cutoff energy for the plane-wave expansion is shown in the
parentheses in the first column.

Na no PCC (12.25 Ry)
PCC (12.25 Ry)

experimental

Lattice constant
(A)

3.762 ( —10.96%)
4.090 ( —3.20%)
4.225'

Bulk modulus
(Mbar}

0.098 (+44%)
0.083 (+22%%uo)

0.068'

no PCC (16.0 Ry)
PCC (16.0 Ry)
PCC (6.25 Ry)

experimental

5.013 (
—4.06%)

5.132 (—1.78%)
5.138 ( —1.67%%uo}

5.225

0.038 (+2.7%%uo)

0.041 (+ 10.8%)
0.039 (+5.4%)
0.037'

Si

'Reference 31.
Reference 32.

'Reference 33.

no PCC (12.25 Ry)
PCC (12.25 Ry)

no PCC (6.25 Ry)
experimental

5.475 (+0.83%%uo)

5.479 (+0.90%)
5.452 (+0.41%}
5 430'

0.985 ( —0.30%)
0.880 ( —10.9%)
0.983 ( —0.51%)
0.988'
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TABLE II. Summary of bond lengths (in A). In the second column, the Si-Si dimer-bond lengths are
indicated. In the third to fifth columns, the shortest distances between the Na (K) atom adsorbed at the
T3 (or HH) site and the first- (or second-) layer Si atom are indicated (ML=monolayer).

Si-Si dimer T3 first-layer Si T3 second-layer Si HH first-layer Si

Clean
Na 0.5 ML (T3)

0.5 ML (HH)
1.0 ML (HH-T3)

2.26
2.42
2.38
2.63

3.28

3.28

3.10

3.06
2.88
2.97

K 0.5 ML (T3)
0.5 ML (HH)
1.0 ML (HH-T3)

2.38
2.38
2.54

3.53

3.47

3.39

3.36
3.33
3.36

and Delley in fact demonstrated very large zigzag dis-
placement of K atoms for HH-site adsorption and a siz-
able displacement of about 0.05 a.u. , both for zigzag and
pairing modes for T4-site adsorption. ' In contrast to
this, Batra showed that neither the zigzag nor the pairing
displacement could be realized for Na atoms at the HH
sites. ' However, one may wonder whether Batra's con-

0.07

elusion may be affected by the underestimated bond
length. Therefore, we reconsidered the possibility of any
modification of a linear chain of K atoms, but only for
T3-site adsorption by using a (2 X 2) unit cell. According
to the present calculation, modification of a straight-
linear chain is virtually nonexistent: The amount of dis-
placement is at most 0.004 a.u. in any direction, being
one order of magnitude smaller than the value given by
Ye, Freeman, and Delley, ' although the substrate Si-Si

0.95

0.23

1.79

.19

'i 0.20 ii 0.16

.17

i 0.16 ii 0.13

1.38

0.04

0.01

0.01
2.31

ii 0.09
0.08"

FIG. 2. Side views of the optimized structure for T3-site ad-
sorption of (a) Na and (b) K. Displacements from the bulk-

0
terminated ideal surface are indicated in A. The first-layer Si
atoms on the ideal surface are indicated by the dotted circles,
with reference to which the height of Na (K) atoms (hatched
circles) is measured. The horizontal displacements of Na (K)
atoms are measured with reference to the third-layer Si atoms of
the ideal surface.

FIG. 3. Side views of the optimized structure for HH-site ad-
sorption of (a) Na and (b) K.
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dimers are still weakly asymmetric with an amount of
buckling of 0.02 a.u. and are arranged to form a p (2X2)
unit cell.

3. e=1.0
The stable configuration is a combination of the HH

and T3 sites for Na and K. Again, even if we put one Na
or K close to the T4 site, it moves toward the T3 site.
We obtained the same result for Na in our previous
work even without the PCC. The HH-T3 configuration
at 6=1.0 for K is consistent with x-ray photoelectron-
diffraction analysis. ' Side views of the optimized struc-
tures are shown in Fig. 4, and the interatomic distances
are tabulated in Table II. We note a slight further relaxa-
tion of the substrate: the surface Si-Si dimer is now
essentially symmetric for both Na and K.

6 show the top views of the optimized structures for
6=—,

' and —,', respectively, where the arrows indicate the
lateral displacement of adatoms from the ideal HH and
T3 sites. Note that we do not claim these structures to
be the actual ones for 6=—,

' and —,'. Here we are mainly
aiming to study the coverage dependence or, equivalent-
ly, the coordination-number dependence of the equilibri-
um interatomic distance. We can readily see in Fig. 5(a)
that the Na-Na distance 3.40 A for 6=—,

' is much shorter
than the intersite distance of the substrate, 3.84 A,
whereas Na atoms are located almost exactly at the
high-symmetry adsorption sites for 8=—', in Fig. 6(a). Al-
though these Na-Na distances are affected by the nonuni-

Vr

4. 8=3and 6

These coverages are studied in order to analyze the
coverage dependence of the adsorption energy. We start
with a configuration for 8=—,

' (8=—,'), where adatoms at
every three T3 (HH) sites are removed from the 8=0.5
(8=1.0) case, and optimize the structure. Figures 5 and
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FIG. 4. Side views of the optimized structure for HH-T3-site
adsorption of (a) Na and (b) K.

(b)
FIG. 5. Top views of the optimized structure at e=

3
for (a)

Na and (b) K. The arrows indicate the lateral displacement (in
A) of adatoms from the ideal T3 sites.
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form substrate potential, the Na-Na distance increases as
the coordination number increases. We expect that in
the configuration at 8=0.5, where Na atoms are ad-
sorbed at the T3 sites, the Na-Na distance can be ex-
panded to fit the intersite distance. At 8= 1.0, the inter-
site distance will be rather as expected for Na atoms.
These results are qualitatively consistent with the ob-
served Na-Na distance in different environments: It is
3.08 A for a Na2 dimer and 3.66 A for a bulk bcc
phase. ' On the other hand, the K-K distance for a K20
dimer is 3.91 A, which is already larger than the inter-
site distance of the substrate. Therefore, as demonstrated

in both Figs. 5(b) and 6(b), K atoms are displaced
significantly toward vacant sites. This implies that K
atoms are becoming overpopulated as 8 increases.

B. Electronic band structure

2.0
Si(001) Clean

Figure 7 shows the band structure for the clean
Si(001)-2X 1 surface with an asymmetric Si-Si dimer. The
two bands S& and Sz are the bonding m band and the an-
tibonding m.* band, respectively. The buckling of the Si-
Si dimer enhances the energy separation of S, and S2 by
about 0.25 eV compared with the symmetric dimer case.
As only the lower half of the S&-S2-band complex is oc-
cupied, the asymmetric dimer is stabilized by the larger
energy separation of S, and S2. In Fig. 7, S, and S2 are
virtually nonoverlapping as in other calculations.

The dispersion curves for Na/Si(001) and K/Si(001)
systems with 8=0.5 are shown in Figs. 8 and 9 and the
corresponding ones for 8=1.0 in Fig. 10. The most im-
portant aspect in these results is the rigid-band-like shift
of the Fermi level as the coverage 8 increases. Irrespec-
tive of not only the kind of adatom (Na or K), but also
the adsorption site (HH or T3), the S2 band is half-filled
for 8=0.5 and thus the surface is metallic. For 8=1.0,
the surface becomes insulating with a filled S2 band. If
the saturation coverage corresponds to 8=1.0, the cal-
culated electronic structure is consistent with the obser-
vation by Enta et al. One may take the apparent filling
of the S2 band by Na and K adsorption as evidence of a
donation of the valence electrons from Na or K. Ishida
and Terakura gave a detailed discussion on the basic na-
ture of K adsorption and pointed out the important role
of the hybridization between the substrate dangling bond
and K 4s orbital. As in our Figs. 8—10, they also ob-
served that the S,- and S2-band energies decrease as 8
increases, although they used a fixed substrate atomic ar-
rangement. They demonstrated that the energy lowering
is due to hybridization. Besides, it was shown that the
number of electrons inside a sphere centered at K does

1.0

0.0

C

-1.0

-2.0
I

[ 100]

FIG. 6. Top views of the optimized structure at 0=
6

for (a)
Na and {b) K. The arrows indicate the lateral displacement {in
0

A) of adatoms from the ideal T3 and HH sites.

FICz. 7. Band structure of the Si{001)-2X1 clean surface.
The splitting of the surface states is due to the interaction be-
tween the two surfaces of the Si slab. The origin of the energy is
set at the Fermi level.
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not change appreciably when an isolated layer is ad-
sorbed on the Si surface. This suggests that the adsorbed
K may not be strongly ionized.

In the present results of Figs. 8—10, where the substrate
relaxation upon Na or K adsorption is fully taken into
account, the energy lowering of the S& and S2 bands is
slightly larger and their energy separation is much more
reduced than in the results of Ishida and Terakura. The
latter is attributed to a significant elongation of the Si-Si
dimer caused by Na and K adsorption. The overall trend
of the dispersion curve for full coverage of K [Fig. 10(b)j
agrees well with the recent angle-resolved photoemission
measurement by Abukawa et al. In the case of K ad-
sorption, additional surface states S3 appear for HH-site
adsorption. Ishida and Terakura interpreted it as the an-
tibonding state between the bonding m state of the sub-
strate (S,) and 4s-4p, hybrid orbital of K. The absence
of S3 in the case of Na adsorption is due to strong hy-
bridization between S, and the 3s-3p, hybrid orbital of
Na. The S3 band appears also for Na adsorption if the
Na-Si distance is artificially set to the value of the K-Si
distance. In the case of T3-site adsorption, a surface

state corresponding to S3 is absent for both Na and K.
We have also confirmed that such a state appears with a
much larger Na-Si distance. This aspect, which implies a
stronger interaction between Na (K) and Si, may be re-
sponsible for the stronger stabilization of T3-site adsorp-
tion compared with HH-site adsorption. As there is
significant difference in the dispersion curves between Na
and K adsorption (Figs. 8—10), an experimental check of
this difference is still lacking.

C. Coverage dependence of adsorption energy

The coverage dependence of the adsorption energy is
illustrated in Figs. 11(a) and 11(b) for Na and K adsorp-
tion, respectively. In the following, E,d(8„'82)denotes
the mean adsorption energy per adatom in the coverage
between 8, and 82 (82) 8,). We first estimate the total
energy ET(B) per surface unit cell for a system with cov-
erage 8 after optimizing the structure. Calculations of
Er(8) for 8=8, and Bz are performed with a common
surface unit cell in order to minimize numerical errors
caused by k-point sampling and a finite cutoff energy.
With X, denoting the number of the substrate surface
atoms in the given surface unit cell, the system with

2.0
( a ) Na/Si(001) T3 site

I
f

I

2.0
( a } Na/Si(001) HH site

1.0

1.0

-i.o I

0.0 ~

S,

-1.0

2.0

K J'

( b ) IQSi(001) T3 site

[100]
-2.0 r K J'

[100]

1.0

2.0
( b ) K/Si(001) HH site

1.0

-1.0

-2.0

-1.0

[ 100]

FICx. 8. Band structures of T3-site adsorption for (a) Na and
(b) K. The splitting of the surface states is due to the interac-
tion between the two surfaces of the slab. The origin of the en-

ergy is set at the Fermi level.

-2.0
K J'

[ 100]

FIG. 9. Band structures of HH-site adsorption for (a) Na and
(b) K. The origin of the energy is set at the Fermi level.
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8=62 has more adatoms than that with 8=8, by
X,(62—6&). Therefore, E,d(6&', 8z) may be estimated as

E,(6,) —E,(6, )
E,d(8„'8~)=E„,

1V, 62 —8,
where E„,denotes the total energy of a free Na (or K)
atom. E,« is estimated by a total-energy calculation for
a bcc structure with a large lattice constant of 30.0 a.u.
with the same cutoff energy of 6.25 Ry, and the spin-
polarization energy ( —0.32 eV/atom for Na and —0.25
eV/atom for K) is separately estimated by an all-electron
free-atom calculation.

In the course of this analysis, we first noted from
Er( —,') that the adsorption at the T3 site is more stable

than that at the HH site by about 0.2 eV for Na and 0.4
eV for K. Therefore, the results of E,z(8, ;8z) shown in
Figs. 11(a) and 11(b) were obtained by assuming that Na
and K are adsorbed at the HH sites only for 6)0.5, i.e.,
after all T3 sites are occupied. The results of
E,d(0. 0;0.5) and E,z(0. 5;1.0) for K were presented in
the previous work, ' and it was pointed out that they ac-
count well for the observed thermal-desorption spectra. '

( a) Na/Si(001) HH-T3 site
2.0

}
I

Very good agreement between theory and experiment can
be seen more directly in Fig. 11(b), where the experimen-
tal estimation' is also shown by a dashed curve. The
coverage dependence of E,d is not monotonic for Na and
K. In the case of K, E,d(0. 5; —,') is slightly larger than

E,d( —,';0.5). This may imply that before completing T3
site adsorption K may be adsorbed at the HH site also.
However, a large island will not be formed because E,d
starts to decrease again for 8)0.5. In contrast to K,
E,d(0. 5;—', ) is significantly larger than E,d( —,';0.5) for Na
adsorption, and besides, E,d keeps increasing even for
8&0.5. Our preliminary calculation for Na with 8=—,

'

gives us 2.41 eV as E,d(0.0; —,'). ' As E,d is a decreasing
function of 6 at low coverage, Na is adsorbed in such a
way that adatoms are mutually separated. However, at a
certain critical 6„the mean E,d between 6=0.0 and 6,
becomes smaller than E,d at higher coverage. This im-

plies that adsorbed Na will start forming islands at 6,.
In order to understand the origin of the different be-

havior of E,d between Na and K, we try to decompose
E,d into various contributions. Conceptually, the ad-
sorption energy consists of the adatom-substrate and
adatom-adatom interactions, although such a decomposi-
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FICx. 10. Band structures of HH-T3-site adsorption for (a)

Na and (b) K. The origin of the energy is set at the top of the
occupied band.

FIG. 11. Coverage dependence of adsorption energy for (a)
Na and (b) K. These energies are obtained from the total ener-
gies of 6=0.0, ~, 0.5, —', and 1.0 systems and a free Na (K)
atom. See Sec. III C for the definition of the adsorption energy.
The dashed curves denote the experimental estimations (Ref.
12).
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tion is not unique. We explain the present convention by
taking the analyses of E,d(0.0;0.5) and E,d(0. 5;1.0) as

examples. We first calculate the energy cost E,d,„bto
separate the adlayer for 6=0.5 from the substrate, keep-
ing the atomic arrangement in the adlayer fixed, and then
calculate the energy cost to make all the atoms in the lay-
er isolated from one another. Neglecting the interchain
coupling for 8=0.5, we call the latter energy cost the in-

trachain interaction E,'h",„.The energy E,d,„b is then
called the adatom-substrate interaction. As for
E,d(0. 5;1.0}, we have to take account of the interchain

interaction E',h",„,which is estimated by the following

process. After optimizing the adatom arrangement for
6=1.0, we artificially separate the adlayer from the

substrate and then calculate the energy cost per atom,
E'""' to make the chains isolated from each other.

chain&

E,d,„b(0.5;1.0) is the cost in energy to separate the ada-

toms at the HH sites from the substrate, keeping the

two-dimensional atomic arrangement of those adatoms

unchanged. The result of such analyses is shown in Figs.
12(a} and 12(b). For the first half-coverage, each of the

interaction energies is very similar between Na and K. A

slightly larger value of E',h",
„

for Na than for K reflects

the trend in the cohesive energy of elemental metals.

However, in the coverage range between 8=0.5 and 1.0,

IntrachainFree Na p 37 ey/ato

Chain

Chain-
Substrate

1.79 ey/atom

Chain

interchain ~%Double Chain
0.27 ey/atom

Chain-Substrat
1.62 ey/ato

T3
HH

0& 8& 05 ML

(a)
0.5c8&1.0 ML

Intrachain
Free K p.33 ey/atom Free K

Chain Chain
interchain ~ooubie C~ain
0.19 eV/atom

Chain-Substrat
1.79 ey/atom

Chain-Substrat
1.22 eV/atom

HH

T3

Oc Oc05 ML (b) 0.5 c 0&1.0 ML

FIG. 12. Decomposition of mean adsorption energies
E,d(0.0;0.5) and E,d(0. 5;1.0) into some contributions (a) for
Na and (b) for K. See Sec. III C for details.

the situation is significantly different between Na and K.
As for Na, E,z,„b(0.5;1.0) is reduced only slightly com-
pared with E,d,„b(0.0;0.5), and this small reduction is
overcompensated by an appreciable contribution of
E',h,'„,so that E,d(0.5;1.0) exceeds E,d(0 0;0. 5) . T. he
reduction of E,d,„bwith an increase of 8 is a rather gen-
eral phenomenon, being understandable as a consequence
of the 1/v'n scale of strength of a bond, with n denoting
the coordination number. On the other hand,
E,d,„b(0.5;1.0) is much smaller than E,d( 0.0;0.5) for K,
and moreover, E',h",

„

is also small compared with the
value for Na. Such a significant difference in the interac-
tion energies between Na and K in the high-coverage re-
gion may be interpreted by the atomic-size difference. In
the following we show some evidence that K atoms are
contrary to expectations, highly populated at 6=1.0,
while Na atoms are not.

One such evidence can be seen in the optimized struc-
tures for 6=1.0. The height difference between the T3
and HH sites for adatoms is 0.96 A for Na and 1.11 A for
K. Such a corrugation in the adlayer reflects the corru-
gation of the substrate associated with the dimer hill and
trough. If spheres are put on such a surface with corru-
gation, smaller spheres will follow the corrugation more
sensitively than larger spheres. The corrugation in the
adlayer mentioned above contradicts this general expec-
tation. A larger corrugation in the K adlayer is a result
of relaxation to reduce the strain within the adlayer.
More decisive evidence was already given in Figs. 5 and
6. K atoms are forced to be adsorbed up to 8=1.0 by a
strong K-Si interaction.

The coverage dependence of the adsorption energy for
Na was measured by Glander and Webb, and their data
show qualitatively the same trend as the present results.
However, they claim the saturation coverage to be 0.68
rather 1.0. With the absolute coverage 6, estimated by
them, some strange phenomena were observed. The
work function showed an abrupt drop around 8, =0.68.
The sticking coefficient also went down to zero at
6, =0.68, although the adsorption energy showed a still
gradual increase there. These experiments were carried
out at relatively high temperatures. Another experi-
ment done at 300 K showed also an abrupt drop of the
work function at a slightly lower coverage around
8=0.5. However, annealing at 450 K with a small
amount of Na dosing brought the work function back to
normal behavior relative to the work-function change.
Further deposition of Na at 300 K on this surface again
caused an abrupt drop of the work function. The process
was repeated several times. The abrupt drop of the work
function was attributed to the Smoluchowski mecha-
nism as a result of island formation of the adsorbed Na.
Perhaps further study is necessary in order to elucidate
these anomalies. We should note that the work-function
change for K adsorption does not show such strange be-
havior.

The present analysis on the coverage dependence of the
adsorption energy does suggest island formation for Na,
but not for K. However, it is difficult to justify accepting
6=0.68 as the saturation coverage for Na. We believe
that the saturation coverage should be 8=1.0 for both
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Na and K. Some experimental data are available which
agree with our claim for K.' Similar detailed experi-
ments on Na adsorption are highly desirable.

Before closing this subsection, we would like to men-
tion our study on the cases with 8) 1.0. By adding
another half monolayer on one monolayer of Na, we es-
timated the adsorption energy and also the change in the
work function. E,d(1.0;1.5) drops to 0.83 eV from the
value of 2.31 eV for E,d(5/6;1. 0). E,d(1.5;2.0) is 1.13
eV. This may suggest that the abrupt drop of the stick-
ing coefficient observed by Glander and Webb should
occur at 6=1.0. However, we do not have any interpre-
tation on the abrupt drop of the work function. As
shown later, the work-function lowering is reduced by
forming the second layer of Na.

D. Nature of the bond

As pointed out in Sec. III B, the apparent filling of the
S band by alkali-metal adsorption is often regarded as2

evidence of the ionic nature of the bond between the
alkali-metal adatom and substrate. Furthermore, if we
plot the total charge density for the alkali-metal-adsorbed
Si surface, we can hardly see the electron density around
adatoms. This was also regarded as evidence of an ion-
ized state of adatoms. Ishida and Terakura analyzed7

these problems in detail and concluded that the ionic pic-
ture for both of the above aspects is too naive. We would
like to make further comments briefly. Let us consider
the adsorption problem as an introduction of some per-
turbing potential to the clean substrate. Alkali-metal
atoms add an attractive potential to the system. Howev-
er, in order to pull down some states in the conduction

bands below the Fermi level in the band-gap region, a
perturbation should be stronger than some critical value.
The perturbation by alkali-metal adsorption is not strong
enough to produce new states below the Fermi level.
Nevertheless, the S& and Sz states feel the attractive po-
tential and their energies are lowered. The Fermi level is
adjusted in order to accommodate additional electrons
associated with alkali-metal atoms. An important fact is
that the wave functions are modified by the perturbation
in such a way that their extension into the vacuum is
enhanced. As a result, neutrality of alkali-metal atoms is
nearly guaranteed. The basic physics is exactly the same
as that discussed many years ago by Terakura and
Kanamori for impurities in nickel. We can also inter-
preret the situation in terms of covalency in a linear-
combination-of-atomic-orbitals (LCAO) scheme.

A qualitative understanding, as mentioned above, is
very important. However, ionicity and covalency, com-
peting factors in the understanding of the nature of the
bond, cannot be defined uniquely. They depend on the
method of partitioning the charge or, in other words, the
choice of basis orbitals. Therefore, we present the
charge-density maps in the following in order to provide
an objective situation.

Figures 13—15 show di6'erence charge maps for Na ad-
sorption defined as

~P(r) PN. +s (r) PN. (r) Ps (r)

where pN, +s; denotes the charge density for the Na-
adsorbed Si surface, pN, the one for an isolated Na layer,
and ps; the one for the substrate. Note that ps; is calcu-
lated for the atomic arrangement of Si atoms correspond-
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FIG. 14. Difference charge-density maps for Na adsorption with 8=0.5 at the HH site within a plane perpendicular to the sur-

face.

ing to the optimized structure with Na adsorption. Simi-
lar results for the K case are shown in Figs. 16—18. We
note the following interesting features in these results.

(1) Only a very weak bond charge is formed between
the adatom and substrate within the plane containing the
adatom [case (c) in Figs. 16-18]. From the T3 site, the
nearest substrate Si atoms are in the second layer and the
bond charge is formed mostly with these Si atoms. How-
ever, as all bonds of these Si are saturated already for the
clean surface, the bond distance between the adatom and
these Si atoms will be relatively large, as shown in Table
II.

(2) The strongest bond charge is formed within the
plane containing the Si-Si dimer [case (a) in Figs. 16-18]
rather than within the plane halfway between the adatom
and Si-Si dimer [case (b) in Figs. 16-18). This implies
that the dangling bond of a surface Si atom interacts
most strongly with the metallic bond charge in between
the alkali-metal atoms. This may give us some hint of the
reason why the T3 site is favored rather than the T4 site.
If the size of the adatom becomes smaller, accumulation
of the metallic bond charge will be reduced, and thereby
the bond between the metallic bond charge and dangling
bond of the substrate will become weaker. In fact, our
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FIG. 16. 'ff'. Difference charge-density maps for K adsorption with e=0.5 at the T3 site within a plane perpendicular to the surface.

previous study' on Na adsorption, which underestimated
the Na atomic size by neglecting the PCC, predicted T4-
site adsorption.

E. Work-function change

Figures 19(a) and 19(b) show the calculated work-
function change for Na and K, respectively. As for K,
the process of adsorption of the Si(001) surface is rather
normal, though the detailed process in very low coverage
is not so clear yet. At half coverage, most K atoms are
adsorbed along the trough with the rest at the HH site if

the substrate temperature is high enough to guarantee
thermal equilibrium. Further deposition put K atoms
mostly at the HH site. Island formation is improbable.
Therefore, we expect that the work-function change for
K adsorption will roughly follow the solid line in Fig.
19(b). The experimental data at 8=0.5 and 1.0 agree
quite well with the calculated results.

On the other hand, the growth mode of the adlayer for
Na may be rather complicated. First of all, we did not
take account of the 3 X2 structure. Besides, the possibili-
ty of island formation makes the theoretical analysis
difFicult. Therefore, we cannot compare our results with

10
rrr

I
~ I
I rreaa l 1

I r

I Qi'":";~ 'Ii (~e eere

epe~e a laaaaer )
;res rr a,~aae

a ee

2 -- ~
/'

I I I 1 I JA I I I Ale-I Iil I I I I I IA I I I I I ~ I I I Ideal I

K/Si (0 0 1) HH site
I I I I

I
I I I I

I
I I I I

I
I I I I

J
I I I I

I
I I I I

f
I I I I

I
I I I

( ) (a)
I

I
I I I I fl « I

I
I

(b)
ra

a ~

l r
1

a e
e aiaaaee

eeia

I ~

r I
r

j I

r j
'4 ~ ~ 'g /,

'

/I I 0
I

/ r-—-—
/ ~

I I I I I ~ I I I I I I I Ill I I I I I I I I I I I I I I I ~ I ~ I I

I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I

(c)
r rarrr

rr
~'

I
~'

I

a ~ rr~ ae

/ .r(

II (

-' C )'I
/'

I ~

~T'~&X I » I I I I I Irlt ~1~~ 1)I I I I I I I I I I L I

0 2 4 6 (A) 0 2 4 6 (A) 0 2 4 6 (A)

FIG. 17. Difference charge-density maps for K adsorption with 6=0.5 at the HH site within a plane perpendicular to the surface.



45 OPTIMIZED STRUCTURES AND ELECTRONIC PROPERTIES. . . 3481

K/Si (() 0 1) HH —T3 site
I I I I

I
I I I I

I
I I I I

I
I I I I

I +I I I
I

I I I I
I

I I I I
I

I/' I

(A)- (a)
I I I I

I
I I I I

I
I I I I

I
I I ~ I

I I+I I
I

I I I I
I

I I I I+I I I

(b)
I I I I

I
I I I I

I
I I I I

I
I I I I

I
I I~l Ql I I I

I
I I I I f I I I

(c)
10 ~' r

~4 ]
~ rJ

r rr
J

gl I lr /

g~l I I &&fsi l ~ )(fI

I %l ~

I

r r gl~ r Jrrrrrr ~ r~
'~ r~r

'~ sr J r r r
Jrrr a rrr jrrrr

+~r ~

rrrr I
I
t
I

1 1
\
r I

r

I
I rrs
\ 'r
I
I

J
I I r rs

I y
\

J I 1r lIrr '~ r

0 ""
0 2 4 6 (A) 0

I sass I I I&I I I »as

sJsJ')

i
I s s I I/is I I I

2 4 6 (A) 0

r anal r Q ~r sssrsJr~ rrr r

gr~

I I I I I I I I sss, l I I I I I Ill I I I I I t I I I I I I

2 4 6 (A)

y

FIG. 18. Difference charge-density maps for K adsorption with 8= 1.0 at the HH and T3 sites within a plane perpendicular to the
surface.

0::

~ B2 site ~ T3 site

HH site
HH-T3 site tI

R 3
0

0 JE

0 ' 5
Coverage 0 (ML}

(a)

1.0

the experimental data directly. Here we only make some
comments on the results shown in Fig. 19(a}. At 8=—,',
we showed the result of our preliminary calculation. We
found three locally stable adsorption sites, among which
the interdimer bridge site B2 is the most stable position,
being consistent with the recent scanning-tunneling-

microscopy (STM) observations. As Na at the 82 site
is located far into the vacuum, the induced dipole mo-
ment is large to produce a rapid decrease of the work
function. More details of the 6=—,

' case are planned to
be presented in a separate paper. '

At 6=0.5, the difference in the work-function change
between the HH and T3 sites is much larger than that for
the K case. This is because Na has a smaller atomic size
and can come much closer to the substrate at the T3 site
compared with K.

At 6=1.0, the calculated value of the work-function
change is about —2.7 eV. It is not clear what experimen-
tal situation may correspond to 6=1.0. However, we
would like to point out that the saturated value with an-
nealing the sample agrees well with the above calculat-
ed value. We do not have any idea about the experimen-
tal value of about —3 eV after the abrupt drop in the
work function. The work-function change for 6=1.5
(2.0) is —1.92 eV ( —2.17 eV), being much smaller than—3.0 eV.

IV. CONCLUDING REMARKS
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FIG. 19. Work-function change due to (a) Na and (b) K ad-

sorption.

Detailed analyses were performed on the stable atomic
arrangement and electronic structure of alkali-metal-
Na, K adsorbed Si(001) surfaces. At 6=0.5, the adsorp-
tion along the trough on top of the third-layer Si atoms
(T3 site) is more stable than the Levine model by about
0.2 eV (0.4 eV) per adatom for Na (K). At 6=1.0, Na
(or K) are adsorbed not only at the T3 site, but also at the
hollow site along the dimer chain (HH site). The opti-
mized structure for K adsorption at 6=1.0 agrees well
with the experimental analysis. ' The surface electronic
band structure for the full coverage of K also agrees
semiquantitatively with the angle-resolved photoemission
data.
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The present study on the coverage dependence of the
adsorption energy E,d has revealed some interesting as-
pects. First of all, significantly large adsorption energy at
high coverage suggests that the saturation coverage will
be 6=1.0 for both Na and K and the calculated result
agrees well with the thermal-desorption spectrum for
K.' E,d decreases nearly monotonically with an increase
6 for K, whereas it starts to increase strongly at certain
6 for Na. The different behavior of E,d between Na and
K was attributed to the difference in the atomic size. K
atoms are overpopulated within the adlayer, and they are
forced to stay on the surface by the strong K-Si interac-
tion. For Na, on the other hand, the intersite distance of
3.84 A seems to be too large at 6=0.5, while it becomes
more reasonable at 6=1.0. The increase in the intra-
adlayer binding energy overcompensates the decrease in
the Na-Si binding energy and results in a net increase of
E,„with an increase of 6. The calculated coverage
dependence of E,d for Na agrees qualitatively with the
experimental observation. An increase of E,d with 6
may suggest the possibility of island formation.

From the charge-density analysis for 6=0.5 and 1.0,
we noted that a strong bond charge is formed between
the dangling bond of a surface Si atom and the metallic
bond charge in the adlayer. It was pointed out that this
may explain the reason why the T3 site rather than the
T4 site is favored for Na and K adsorption.

Finally, the partial core correction to the pseudopoten-
tials of Na and K is very important in structural optimi-
zation. Calculations without the PCC underestimate the
bond length significantly and sometimes lead to wrong re-
sults for the optimized structure.

In the present paper, we did not take account of the
4X1 and 3X2 structures. The analysis of these will be
performed in the near future. Some results in the low-
coverage region are planned to be published in a separate
paper.
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APPENDIX; EFFECTS
OF THE PARTIAL CORK CORRECTION

ON THE INTERATOMIC DISTANCE

As developed by Louie, Froyen, and Cohen, a
partial-core-corrected core pseudopotential is construct-
ed by

In this equation, V~' is a screened pseudopotential, p"(r)
an atomic valence charge density, and pr'(r) a partial
core charge density defined by

A sin(Br)lr for r &ro
'(r)= '

p'(r) for r ) ro, (A2)

where p'(r) is a real core charge density, and A and B are
chosen so that the amplitude and derivatives of the real
and partial core charge densities are identical at r =ra.
We choose the core radius ro as the radius where the core
charge density is twice as large as the valence charge den-
sity. The Kohn-Sham equation for band electrons is

——'V +g V""(r—R )+ P d'rvb(r)
P /r rf

va

V""(r)=V~'(r) f—, d r' p„,[p—p'(r)+p"(r)] .
/r —r'/

(Al)

One of the authors (Y.M. ) would like to thank Profes-
sor M. Nishijima for encouragement during the course of
the present work. We thank Dr. R. J. Needs for a com-
ment on the partial core correction to alkali-metal atoms.
The numerical calculations were performed at the com-
puter centers of University of Tokyo, Institute for Solid
State Physics, and Institute for Molecular Science. A
part of the numerical calculation was also performed at

+p„,g p„'(r R„)+p"(r) —
P, (r)= eP;(r),

p

(A3)

where p denotes the pth ion and p' the charge density
due to the band electrons. The total energy of this sys-
tem is given by

occupied vb(r) vb(r
F. = g e, —

—,
' f P P, d r d r'+ —,

' g " " —fp„,gg'(r —R„)+p'(r) p""(r)d r
P+V }M V }Lt

+ fe„,gpP'(r —R„)+p'(r) gP'(r —R„)+p"(r) d r, (A4)

where Z„is the number of valence electrons of the pth atom. The Hellmann-Feynman force acting on the pth atom is
given by
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BE
BR„

occupied Q V'o" (r —R ) (R„—R )f g;. (r) " " P;(r)d r+ g Z„Z„

(A5}

The first two terms are ordinary contributions to the
Hellmann-Feynman force, and the last term is due to the
dependence of partial core charge density on the ionic
coordinates. We will point out two effects of the PCC.
One comes from the potential difference and the other
from the Hellmann-Feynman force, i.e., the last term of
Eq. (A5}.

Let us discuss the former first. The screened pseudo-
potential contains the exchange-correlation (xc) potential
due to the core and atomic valence charge densities:

(A6}

only the exchange contribution,

with a=2(3/8~}'/, we obtain

a 1

3 (pc+pvc)2/3
P P

1

vc )2/3
PI

(A10)

(Al 1)

(A12)

where 5p is the charge-density difference between band
electrons and atomic electrons:

whereas the actual xc potential should be

I'xc =axe XPt:+P"'
. P

The difference between Eqs. (A7} and (A8) is given by

(A8)

(A9}

Because hV„,becomes large where the valence charge
overlaps with the core charge considerably, we consider
the core region of the pth atom. Approximating p„,with

A linearization approximation leads to the xc potential in
a crystal given by

(A7}

In the core region that we are interested in, 5p is usually
positive because of the tail contribution from the sur-
rounding atoms. Therefore, hV„, is positive. It means
that the linearized version of the xc potential given by
Eq. (A7) is deeper than the actual one given by Eq. (A8)
and thereby results in a shrinkage of wave functions and
a shrinkage of the interatomic distance. In this respect,
the PCC elongates the bond length.

The other contribution of the PCC is the third term of
Eq. (A5). p' is spherically symmetric around the center
of the core, whereas the center of gravity of the valence
charge is displaced into the interatomic bond region.
Thus the third term of Eq. (A5} contributes an attractive
force.

In the present work, the net effect of the PCC is an
elongation of the interatomic distances. However, the
third term of Eq. (A5) cannot be neglected. For example,
without this term the K-Si bond distance becomes 3.70 A
for 8=0.5 (T3-site adsorption), being much larger than
the corresponding value of 3.39 A in Table II.
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