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K adsorption on the Si(001)-2%1 surface is studied by first-principles molecular dynamics based on
a norm-conserving pseudopotential. The theoretically optimized structure for full coverage (6 =1.0)
agrees fairly well with the double-layer model analyzed by x-ray photoelectron diffraction. At ©=0.5,
the configuration with K adsorbed along the trough is more stable than the Levine model. The mean
desorption energies for the two peaks in the thermal-desorption-spectrum are well accounted for by the
present calculation. The calculated work-function change also agrees quantitatively with the observed
one. Based on these analyses, it is concluded that the double-layer model should be appropriate for

the saturation coverage of K on the Si(001) surface.

An alkali metal adsorbed on the Si(001) surface is a
system which has been actively studied with various ex-
perimental techniques and with heavy theoretical calcula-
tions,! ~3 and yet some fundamental aspects are in debate.
Among them, the most fundamental issue is concerned
with the absolute coverage of adsorbed alkali-metal atoms
at saturation coverage. Levine* proposed a model in
which Cs atoms were assumed to be adsorbed at the hol-
low site along the hill of the dimer row (called the HH site
hereafter) at the saturation coverage. The saturation cov-
erage in Levine’s model corresponds to © =0.5 with ©
defined as the ratio of the number of adsorbed atoms to
that of the topmost substrate Si atoms, and the surface is
metallic with a half-filled #* band. Levine’s model was
accepted widely not only for Cs adsorption but also for Na
and K adsorption until a model corresponding to © =1.0
was proposed by Enta et al.® based on angle-resolved pho-
toemission measurements. They: found that the Si(001)
surface with saturation coverage of K is insulating, in con-
tradiction to Levine’s model, 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 sites. Several experiments have been per-
formed since then to judge which of the two models is ap-
propriate. At the present stage no consensus has been at-
tained yet about the © value at saturation coverage. The
Auger intensity measurement’ supports © =0.5, the re-
flection high-energy electron-diffraction (RHEED) an-
alysis® favors ©=1.0 and the low-energy electron-dif-
fraction (LEED) analysis® cannot answer definitively.
However, a recent measurement of the thermal-desorption
spectrum ' (TDS) clearly suggests the existence of two
inequivalent adsorption sites for K on the Si(001) surface.
Furthermore, it suggests that the populations of K atoms
at the two inequivalent sites are nearly the same at the
saturation coverage. These results seem to give strong
support to the double-layer model. Another piece of evi-
dence for © =1.0 at saturation coverage was also given by
a nllfdium-energy ion-scattering experiment for K and
Cs.

The main purpose of the present work is to elucidate the
adsorption states of K on the Si(001) surface at ©=0.5
and 1.0 with the first-principles molecular-dynamics
method (FPMD).'? From our calculation, we found that
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the T3 site (along the trough, on top of the third-layer Si
atom, called the valley bridge site in other papers), and
the HH site can be simultaneously occupied stably with a
significant adsorption energy. [See Fig. 1 for the possible
adsorption sites on the Si(001)-2% 1 surface.] The opti-
mized geometry of adsorbed K atoms at © =1.0 agrees
well with an analysis by x-ray photoelectron diffraction
(XPD) measurement® and the calculated adsorption ener-
gies at © =0.5 and 1.0 are in good agreement with TDS
results. ! These results lead us to conclude that the satu-
ration coverage of K on the Si(001) surface should be
©=1.0.

Our calculation is based on the local-density approxi-
mation in density-functional theory!'>'# with the Wigner
interpolation formula'® for the exchange and correlation,
and a norm-conserving pseudopotential!® with a modifi-
cation by Kleinman and Bylander.!” Following the sug-
gestion by Gonze et al.,'® we tune a local potential of K,
which is a d potential in our case, to remove a ghost band
in the bulk K calculation and to achieve good energy
dependence of logarithmic derivatives for 4s and 4p states
of a K atom. We also incorporate the partial core correc-
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FIG. 1. A top view of the Si(001)-2x 1 asymmetric surface.
The 2% 1 unit cell is indicated by dashed lines. The HH, HB,
T3, and T 4 sites are indicated.
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tion developed by Louie et al.'° to the K pseudopotential
because K has a relatively large core.’® We adopt a
repeating-slab geometry and the plane-wave basis. The
substrate is represented by a ten-layer Si(001) slab and a
vacuum region of the same thickness is inserted in be-
tween Si slabs.?! 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 the maximum
number of 1488 plane waves.?? The surface Brillouin zone
is divided into 4x8 meshes and 32 inequivalent k points
are used to construct the charge density. The optimiza-
tion of the electronic and ionic degrees of freedom is per-
formed by a modified version of FPMD. We adopt a
steepest-descent type of algorithm for the electronic de-
grees of freedom as proposed by Williams and Soler.?
More details of the numerical procedure are described in
Refs. 24 and 25. We use the optimized (2x1) asym-
metric dimer structure as a starting configuration of the
substrate Si(001). In case of ©=0.5, we consider three
possible adsorption sites for K atom, HH, 73, and T4
sites as shown in Fig. 1. In case of © =1.0, we consider
two possibilities, a combination of HH and T3 sites, and
that of HH and 7'4 sites. In order to make sure whether
these adsorption sites are local minima of the Born-
Oppenheimer surface, the starting positions of K atoms
are away from these sites by about 0.48 A along the dimer
row. The adsorption at the bridge site of the Si-Si dimer
is not considered in the present calculation, because we
found it very unstable in the previous calculation for Na
adsorption.?*2%27 In the process of structural optimiza-
tion, the Si atoms in the two center layers of each Si slab
are fixed at their bulk positions while other atoms are
moved by using the classical molecular dynamics with the
Hellmann-Feynman force.

For © =0.5, we find out that the HH and 73 sites are
well-defined local minima for K adsorption with the latter
being 0.39 eV/atom more stable than the former. On the
other hand, even if we put a K atom near the T4 site, it
moves toward the 73 site. This is so even for a starting
position with only 0.2 A apart from the T4 site. For
© =1.0, we find out that two K atoms are adsorbed at the
HH and T3 sites in the 21 unit cell. Even if we put two
K atoms near the HH and T4 sites, the K atoms move to-
ward the HH and 73 sites, respectively. A side view for
the optimized structure for © =1.0 is illustrated in Fig.
2(a). The substrate Si dimer becomes symmetric because
of filling of the z* band. The relative position of the two
K atoms agrees very well with the results of XPD:® one K
atom sits in the [110] direction of the other K atom and
their vertical separation is 1.1 A. The corresponding
value by the recent RHEED experiment® is 1.25 A. As
for the K-Si bond length, the present result is about 7%
larger than the surface extended x-ray absorption fine-
structure result.?® The Si dimer bond length becomes
0.27 A larger than that of the clean asymmetric dimer and
is also larger than the bulk Si-Si bond length by 0.19 A.
Therefore we expect that the dimer bond becomes rather
weaker by K adsorption. The stable adsorption site for
©=0.5 [Fig. 2(b)] is the T'3 site in the present work?® in
contradiction to the prediction of the T4 site by Ye, Free-
man, and Delley.® Experimentally, the Auger electron-
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FIG. 2. The side views of the optimized structure at (a)
©=1.0 and (b) © =0.5. Displacements from the bulk terminat-
ed ideal surface are indicated in angstrom. The first layer Si
atoms of ideal surface are indicated by the dotted circles, with
reference to which the height of K atoms (hatched circles) are
measured. The horizontal displacements of K atoms are mea-
sured with reference to the third layer Si atoms of the ideal sur-
face.

diffraction measurement by Asensio e? al.?' concluded the
K adsorption at the T3 site for submonolayer coverage. >
The same conclusion was reached by the analysis of TDS
of Xe for the coadsorption of Xe and K on the Si(001)
surface. 3’

The total-energy diagram is illustrated in Fig. 3 for
©=0.0, 0.5, and 1.0. The energy of a free K atom is es-
timated by a total-energy calculation for a bee structure
with a large lattice constant of 30.0 a.u. with the same
cutoff energy of 6.25 Ry,3* and the spin-polarization ener-
gy (—0.25 eV/atom) is separately estimated by an all-
electron free atom calculation. From Fig. 3, the mean ad-
sorption energy from ©=0.0 to ©=0.5 (the T'3 site ad-
sorption) and that from ©=0.5 to ©6=1.0 are 2.12
eV/atom and 1.74 eV/atom, respectively. The important
point is that the latter is still significantly large and rough-
ly comparable with the former. We, therefore, conclude
that the double-layer model is stable and that the satura-
tion coverage may be © =1.0. The present estimation of
the adsorption energies can be compared with the TDS re-
sults by the following argument. Let us consider the pro-
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FIG. 3. The total energy for the system composed of the
(2x1) surface unit cell of the Si substrate per surface and two K
atoms. Two K atoms are free for © =0.0, one K atom is ad-
sorbed at the T3 site (or the HH site) with one additional free
K atom for ©=0.5, and the two K atoms are adsorbed for
O =1.0. The energy difference corresponds to the mean adsorp-
tion energy for each adsorption configuration.

cess of thermal desorption starting from the saturation
coverage. As the temperature increases, K atoms contrib-
uting to the a peak (Fig. 1 of Ref. 10) are first desorbed.
The integral of the desorption energy curve (Fig. 2 of Ref.
10) for the a peak over the relevant coverage range should
correspond to the energy required to remove all K atoms
contributing to the a peak. The initial configuration and
the final one in this process correspond to © =1.0 (HH-
T 3 configuration) and © =0.5 (T 3 configuration), respec-
tively. Therefore the experimental mean desorption ener-
gy of the a peak of 1.59 eV/atom should be compared
with the theoretical adsorption energy of 1.74 eV/atom
from © =0.5 to ©=1.0 in Fig. 3. Similarly the experi-
mental mean desorption energy for the B peak of 2.03
eV/atom should be compared with the theoretical adsorp-
tion energy of 2.12 eV/atom from © =0.0 to © =0.5. The
very good agreement between the theoretical estimate and
the experimental one can be taken as an additional strong
support to the double-layer model for the saturation cov-
erage.

One of the most important properties of the alkali-
metal adsorption is a significant lowering of the work
function, whose mechanism was extensively discussed by
Ishida and co-worker3%3¢ recently. We present our results
for ©=0.5 and © =1.0 in Fig. 4.2! The theoretical results
in Fig. 14 of Ishida and Terakura>® are different from the
present ones because the structural optimization was not
done in their work. The calculated work-function lower-
ing A®(© =1.0) in Fig. 4 agrees well with the experimen-
tal value at the saturation coverage: —3.3 eV by To-
chihara’ and —3.2 eV by Enta et al.,® both measured at
room temperatures. In both measurements, A®(©) de-
creases monotonously with increasing ©. In the experi-
ment by Oellig and Miranda®’ at 200 K, A®(©) takes a
minimum value of about —3 eV and saturates to about
—2.6 eV. However, there is a possibility of multilayer ad-
sorption at low temperatures. In fact, —2.6 eV is just the
difference of the work functions of Si (4.8 eV) and K (2.2

FIG. 4. The work-function change due to the K adsorption
for the three different adsorption configurations.

eV). As discussed above, K atoms occupy the T3 sites at
© =0.5, and after that they also occupy the HH sites, so
the work-function change will behave like the solid line in
Fig. 4. The work function will not take a minimum up to
© =1.0. From the scanning-tunnel microscope image,3® it
is suggested that the stable adsorption site at low cover-
ages is the interdimer bridge site between the two raised
Si atoms of the neighboring asymmetric dimers along the
dimer row. Our preliminary calculation?*?” for the Na
adsorption with © = ¢ correctly predicts this adsorption
site. In this geometry, the alkali-metal atoms are located
relatively far into the vacuum and thereby, may contrib-
ute to a steep lowering of the work function. More exten-
sive arguments in the low-coverage region will be given in
a future publication.?’

In summary we obtained the optimized structure with
the first-principles molecular-dynamics method. The cal-
culated optimized structure at © =1.0 agrees very well
with the double-layer model of Abukawa and Kono® and
the adsorption energies agree well with the desorption en-
ergies obtained by TDS.!® Based on these observations,
we conclude that the saturation coverage at room temper-
atures is ©=1.0. At ©=0.5, the T3 site is the most
stable site and for higher coverages, K atoms will be ad-
sorbed at the HH site. The work function will not take a
minimum at a submonolayer coverage on this surface.
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