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Theoretical determination of the adsorption geometry of Na on the Si„001… surface
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Physics Institute, University of Zurich, CH-8057 Zurich, Switzerland

~Received 19 June 1998!

Ab initio total-energy calculations for Na on the Si~001! 231 surface at coverages ranging from one-fourth
to one monolayer were performed using the density-functional method with a plane-wave basis set and a slab
with a 232 surface cell. The results of these electronic structure calculations are discussed and compared with
other theoretical and experimental findings. At the highest coverage of one monolayer, we obtained the lowest
surface energy for the double-layer model with combined occupation of the hollow and pedestal sites. For
lower coverages, the structures are more complicated, as the hollow site becomes unstable and adsorption at
the cave and the pedestal site is preferred. In particular, for half a monolayer a distinct larger adsorption energy
is obtained for the combination of cave and pedestal sites.@S0163-1829~98!08348-9#
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I. INTRODUCTION

Although alkali-metal~AM ! adsorption on the Si~001!
surface has been a topic of great interest due to its scien
and technological importance, some aspects of this sys
remain controversial. A very early model for alkali-met
adsorption on Si~001! proposed by Levine1 assumes that AM
atoms form a linear chain on top of the Si dimers, with
saturation coverage of one half of a monolayer. Since
ML coverage has been defined differently, we specify o
definition: 1 ML56.7831014 adsorbates/cm2, i.e., two ad-
sorbates per Si dimer or per Si 231 surface cell. On the
Si~001! surface, several symmetric sites are possible ca
dates for AM adsorption, and there is no agreement on wh
sites really are occupied for a given coverage.

Mangatet al.2 claimed, based on experimental and the
retical ~cluster! considerations, that the AM adsorption
taking place only at the cave site, also supporting a maxi
coverage of1

2 ML. On the other hand, Enta, Suzuki, an
Kono3 ~using angle-resolved photoemission! and Abukawa
and Kono4 ~using photoelectron diffraction! proposed a
double-layer structure. In this model the AM adsorbates
located above the third layer of Si atoms, in the pedestal
hollow ~or valley bridge! sites, with coverages up to 1 ML
Most theoretical calculations, especiallyab initio pseudopo-
tential calculations, support the double-layer model~Batra,
Refs. 5–7, and others!.

Zhang, Chan, and Ho7 claimed that the saturation cove
age is 1 ML, with adsorbates in pedestal and hollow si
while at 1

2 ML the adsorption site is the hollow site. This ca
be expected for calculations with a surface cell of 231 only.
The situation may change, however, if larger supercells
considered.

Ko, Chang and Yi8 investigated the adsorption in a 232
and a 431 surface supercell. With the 232 surface cell they
found that the adsorption at the cave site is slightly m
favorable than at the hollow site; however, they found
even lower energy in a 431 reconstruction where only hol
low sites are occupied at low coverages. Kobayashiet al.9

used, in addition to the 231 calculations, a 233 surface cell.
They used a cutoff energy of 6.25 Ry with fourk points for
the 233 cell and 32k points for the 231 cell. They studied
PRB 590163-1829/99/59~3!/2449~5!/$15.00
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2 , 5
6 , and 1 ML coverages

and found that the hollow site is always preferred over
cave site, in contradiction to their previous results10 which
were obtained without the use of partial core corrections
the alkali-metal atoms. We will compare our results to tho
of Refs. 8 and 9 in Sec. IV.

In this work we present results of extended first-princip
calculations for the total energy of Na adsorption at the va
ous sites on the Si~001! surface for four different coverages
The density-functional method11–13 with a plane-wave basis
set is used. To account for periodic boundary conditions
slab model was employed. The Si~001! surface has a 231
reconstruction due to the pairing of the topmost Si atom
We used two identical 231 cells resulting in a 232 surface
cell as the substrate for Na adsorption, in order to stu
coverages lower than half of a monolayer, and to allow m
reconstruction possibilities for higher coverages. Our res
propose a solution to the contradiction that those auth
who support the double-layer model usually find the hollo
~together with the pedestal! site to be stable, while other
who are supporting only one adsorption site favor the c
~and not the hollow! site.

We find that the cave site is stable for small coverag
but for higher coverages we observe that the cave site
adsorbates migrate into the hollow sites. Small coverages
better modeled in cluster calculations, while calculations,
ing periodic boundary conditions do not allow the investig
tion of arbitrarily low coverages. A 231 surface cell, e.g.,
only permits the study of12 or 1 ML.

This paper is organized in the following way. In Sec.
we present the theoretical method and calculational det
The results for the clean surface and the Na-Si surface
different coverages are given in Sec. III. Section IV conta
additional discussions and a summary.

II. METHOD AND CALCULATIONAL DETAILS

All calculations were carried out using the molecula
dynamics density-functional programfhi96mddeveloped by
Scheffler and co-workers.14,15 It is known13 that the molecu-
lar dynamics method—indirect minimization of the energy
needs a longer time from ‘‘nearly converged’’ to ‘‘con
2449 ©1999 The American Physical Society
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2450 PRB 59P. GRAVILA AND P. F. MEIER
verged’’ solutions than the method of direct minimizatio
~eventually using a conjugate gradient method!. But when
the ions are simultaneously moved this method proves to
a valuable and efficient tool. We used fully separableab
initio pseudopotentials after Kleinman and Bylander,16 and
non-linear core corrections for the pseudopotential of
were employed.17 All calculations were done in the loca
density approximation with the exchange-correlation pot
tial taken from the results of Ceperley and Alder18 in the
Perdew and Zunger parametrization.19

We chose a slab model of eight Si layers and the equ
lent of 12 layers of vacuum. To diminuate nonphysical int
actions between the two surfaces through the vacuum,
saturated the silicon bonds at the bottom of the slab w
hydrogen atoms. Also, the method developed by Neugeb
and Scheffler20 of introducing a planar dipole layer in th
middle of the vacuum region was employed. The dip
strength is adjusted to compensate for the adsorbate-ind
dipole. In this way, without losing accuracy, the number
vacuum layers has not to be increased, keeping the ver
dimension of the slab supercell to reasonable values.

Taking into account that the surface may have meta
character we used for the calculations a grid of 16k points in
the surface Brillouin Zone. Exploratory calculations we
initially made with fewerk points. Two different methods
were applied for setting up thek-point grid: one is described
in Refs. 21–23, the other was used in Ref. 24.

The calculations were done mainly at a cutoff energy o
Ry. Several tests were performed with cutoff energies up
14 Ry. They showed that, although the total energies
decreased with increasingEcuto f f , the energy differences
and the bond length do not vary significantly for cutoff e
ergies above 8 Ry.

III. RESULTS

A. Clean Si surface

First, the relaxation of the clean Si~001! surface was in-
vestigated in a 232 cell. The positions of the Si atoms of th
third and deeper levels were fixed at their bulk sites, wh
those of the eight Si atoms of the two top layers were o
mized.

The lowest energy was found for a 232 reconstruction
with alternating buckled dimers. This reconstruction is pr
tically degenerate in energy with the 231 surface with non-
alternating buckled dimers. Our calculated Si-Si dimer d
tance for the clean surface~using 14-Ry cutoff energy! is
D52.29 Å. Photoemission extended x-ray-adsorption fi
structure measurements~Refs. 2 and 25! yield D52.20
60.04 Å, while classical low energy electron-diffraction
data26,27 give D52.4060.10 Å.

B. Adsorption sites and procedures

The four sites for Na adsorption investigated are sho
schematically in Fig. 1. The pedestal~p! and the hollow~h!
sites are located above the third layer of Si, and the bri
~b! and cave~c! sites above the fourth Si layer~note that the
hollow site is also called the valley-bridge site!. For conve-
nience, we call the open region above the third and fourth
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layers the ‘‘trough.’’ It is directed along@110#. Adsorption at
each of these four sites in various combinations was stud
for coverages of14 , 1

2 , 3
4 , and 1 ML. As initial positions the

Na atoms were placed above the corresponding adsorp
site, and the substrate atoms were arranged according to
relaxed clean Si surface but without the tilted dimers. T
total energy was then minimized by relaxing the positions
the Na and the eight Si atoms of the two top layers.

C. 1
4 -ML coverage

In the initial stages of the energy optimization the N
approaches the surface with a simultaneous relaxation of
substrate atoms. For adsorption at the bridge site and
hollow site, quasistationary energy minima with energies
Eb andEh are obtained, which last for several iteration ste
However then these sites turn out to be unstable and
energy is further reduced when the Na eventually mo
from the b site toward the pedestal site and from theh site
toward the cave site, respectively. We did not found a
significant potential barrier between theh and c sites, nor
betweenb andp. The adsorption energies per adatom and
geometries of the equilibrium surfaces are given in Tabl
~also see Fig. 2!.

In Fig. 2 we also depict the adsorption energy per adat
As the reference energy we used the sum between the
energy of a clean Si~001! system and the energies of free N
atoms. The latter were determined using a separateab initio
calculation with the same pseudopotential. The Na ato
were put in a bulk configuration but with a very large latti
constant~about 15 Å! in order to approximate free atoms an
at the same time maintain periodic boundary conditions. T
spin-polarization energy for Na~0.32 eV! is included.

Note that in contrast to the starting positions, the energ
cally most favorable reconstruction for adsorption on t
pedestal site is not symmetric~see Fig. 3!. The Si dimers are
tilted, alternating by about 0.7 Å and the distancedNa-Si is 2.9
Å for the two upmost Si atoms and 3.2 Å for the other two
atoms which form the substrate at the pedestal site~see Table
I!. A symmetric reconstruction for thep site appears to be
higher in energy than the cave site. The pedestal site w
strongly tilted Si-Si dimers and the cave site are both sta
being separated by a potential barrier which we calculate
be 0.5 to 1 eV high.

FIG. 1. Schematic top view of the Na/Si~001! surface. Adsorp-
tion sites for Na: the pedestal~p! and the hollow~h! ~valley bridge!
sites are located above the third layer of Si, the bridge~b! and cave
~c! sites above the fourth Si layer.
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TABLE I. Converged total energy and geometry details for various coverages and site occupa
Energies in parentheses indicate unstable adsorption sites. The numbers for the Na-Si bond length
with an asterisk denote the distances from Na atoms in the hollow sites to the Si atoms in the secon
h denotes the height above the surface~i.e., from the middle of the nearest Si dimer!.

site Si-Si dimers~Å!

Cov. Si~001! ads. energy~eV! 2.29 Na-Si bonds~Å! h (Å)

1
4 p 2.26 2.31 2.9/3.2 2.0
1
4 c 2.19 2.38/2.24 2.8 1.0
1
4 h ~1.92! 2.34 3.1* 1.2

1
2 cp 2.11 2.44/2.29 1.0/2.0
1
2 hh 1.85 2.46 1.1
1
2 pp 1.81 2.38 1.9
1
2 hp-diag ~1.88!
1
2 hp-line ~1.84!
1
2 cc ~1.80!

3
4 hhp 2.00 2.56 0.9/1.8
3
4 cpp 1.97 2.42/2.46 1.1/1.9
3
4 hpp ~1.94! 2.53 1.0/1.8

1 h-h-p-p 2.04 2.64 1.0/1.8
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Another observation is that the adatom in theh site is
nearer to the two atoms from the second layer than to
four top Si atoms which form theh site. The position of the
Na atom in theh site is almost degenerate in energy for sm
moves in thex-y plane~large vibrational amplitude!.

D. 1
2 -ML coverage

For a coverage of half a monolayer~i.e., one Na atom pe
one Si dimer!, we can consider adsorption at pairs of the fo
sites, i.e., at ten positions, since we have a 232 surface cell.
This is in marked contrast to investigations with a 231 cell
where only the four symmetric pairs (b-b, p-p, c-c, and
h-h) are accessible. In our calculations,c-p adsorption with
the occupation of every second cave site simultaneously
that of a every second pedestal site is energetically m
favorable. An inspection of Fig. 2 shows that the energies
adsorption of Na at the same sites are distinctively high

FIG. 2. Converged total adsorption energy per adatom for v
ous sites at different coverages.
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The converged total energy for theh-h adsorption is higher
than forc-p but lower than forp-p. If all pedestal sites along
the row are occupied, the previously observed tilt of the Si
dimers at the surface is reversed; the substrate restor
strict 231 periodicity that will be kept up to full coverage
Without the tilted dimers, the pedestal sites occupancy (p-p)
turns out to be less favorable than the other stable sites
previously mentioned.

The cave-cave adsorption is unstable: The Na atoms
trough ‘‘prefer’’ the hollow-hollow sites. This is in contras
to the case of a smaller coverage, where the hollow sit
unstable and every second cave site is preferred. This i
example of the general rule we have also found to hold

i-

FIG. 3. Pedestal site reconstructions at a coverage of1
4 . A sym-

metric reconstruction is shown on the left. On the right, the en
getically more favorable~by about 0.3 eV! converged reconstruc
tion with alternating tilted dimers is depicted.



g
d

te

s
ce
t

a
n

n

rp
-
e

d
r

r a
e

-
L
lt
to
it

t
o

sid
.2

o,
a-
e

f

at

h

ge
te

eV
in
ea

.
stal

t
ve

the
in

w
re is
of
the

have
, for

g

cave
ven
ults
ms
e
ms
qual
p-

all
the
ms
by

es
age
ry
the

li-
y re-

n of
be
s
llow
this
of

e
a

-
-
Si
he
on
the
For

2452 PRB 59P. GRAVILA AND P. F. MEIER
higher coverages: thec site is stable when the neighboringc
sites are empty. But if the number of Na atoms in the trou
along the@110# direction increases, the tendency of the a
sorbates to move to the cave sites is reversed, and, ins
the hollow site with the neighboringh sites also occupied is
more stable. It should be emphasized that these finding
not depend on an interpretation of the energy differen
alone, but are also reflected in the outcome of the geome
optimizations using the Hellman-Feynman forces.

In Ref. 7, the possibility of subsurface adsorption w
investigated. Similar to these results, we did not find a
stable subsurface adsorptions.

E. Higher coverages

For a coverage of34 ML, we have found two possible
adsorption geometries that are very close in energy:c-p-p
and h-h-p occupations. Other choices turn out to be u
stable, as expected from the above rules:c-c-p transforms
into h-h-p andh-p-p goes intoc-p-p.

For one full monolayer we found only one stable adso
tion geometry,h-h-p-p, a double-layer pattern with the ada
toms situated above the third Si layer. This adsorption ke
the 231 periodicity of the clean Si~001! surface, with the Si
dimers stretched 2.64 Å apart.

IV. DISCUSSION AND SUMMARY

We have performedab initio total-energy calculations an
geometry optimizations using Hellman-Feynman forces fo
clean Si~001! surface with and without Na adsorbates. Fo
coverage of one full monolayer we found a double-lay
structure of 231 periodicity with the occupation of all hol
low and pedestal sites for a maximum coverage of 1 M
This is in agreement with most previous theoretical resu
In particular, the calculated adsorption energy per Na a
of 2.04 eV and the Si-Si dimer distance of 2.64 Å agree w
the results of Ref. 8~2.06 eV and 2.63 Å!.

For a coverage of12 ML of Na adsorbates, we found tha
the combined pedestal-cave adsorption is energetically m
favorable than all situations where adsorption was con
ered only at the same sites. It lies deeper in energy by 0
eV than the hollow-hollow site. For this coverage, K
Chang, and Yi8 considered only adsorptions at two equiv
lent sites in the 232 surface cell, thus missing exactly th
configuration that yields the lowest energy. For theh-h ad-
sorption, our values for the adsorption energy~1.85 eV! and
the Si-Si dimer distance~2.46 Å! agree with the results o
Ref. 8 ~1.94 eV and 2.46 Å!. For coverages of14 ML we
found that both pedestal and cave sites are stable and r
close in energy.

Ko, Chang, and Yi8 investigated the adsorption in bot
232 and 431 surface supercells. At14 coverage, using the
232 surface cell, for the cave site they obtained a lar
adsorption energy than for the pedestal and hollow si
They noted the tilted dimers for thep(232) reconstruction,
and found that the tilting reduces the energy by about 0.1
Our results indicate a higher-energy gain due to the tilt
~0.3 eV!, with the consequence that the pedestal site app
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slightly more favorable~by about 0.07 eV! than the cave site
However, the potential barrier between the stable pede
and cave sites is much higher~0.5–1 eV! than the difference
in energy between them~less than 0.1 eV! and we expect tha
from the beginning of the adsorption process we will ha
adsorbates, in comparable numbers, in both sites.

Ko, Chang, and Yi,8 using a 431 surface cell, found even
more favorable adsorption at the hollow site. But, due to
periodic boundary conditions, occupation of a hollow site
a 431 ~or 231! geometry necessarily implies that all hollo
sites along a trough are also occupied. In this case, the
no contradiction to the rule we found for the occupation
the sites along the trough. The hollow sites are indeed
most energetically favorable since the cave sites in a 431
reconstruction have to be unstable because they cannot
empty neighboring cave sites along the same trough. So
a coverage of14 ML, Ko, Chang, and Yi8 found a reconstruc-
tion with one row~along the trough! fully packed with ad-
sorbates while periodically alternating with neighborin
empty rows.

We expect that, besides the 431 structures~if present!,
there are other reconstructions employing pedestal and
sites that are contributing to the structure of the surface e
at low coverages. The model of adsorption that our res
imply suggests the following way to adsorb the Na ato
starting with small coverage and ending with a full ML: w
predict that, as the AM layer starts growing, the Na ato
are adsorbed at cave and pedestal sites with almost e
probability. This continues smoothly until the coverage a
proaches1

2 ML of a ML. For 1
2 ML we do not agree with the

most frequently used model with AM atoms occupying
hollow sites while pedestal sites are still empty. Then, as
population of AM’s in the troughs increases, the Na ato
previously situated in the cave sites undergo a transition
moving into the hollow sites. The AM’s in the pedestal sit
remain there, and the adsorption can go on until a cover
of 1 ML is reached, and by then every hollow and eve
pedestal site will be occupied. According to these results,
critical coverage is 1 ML for Na adsorption on Si~001!.

The investigation of other reconstructions for the comp
cated adsorption geometries at small coverages probabl
quires a more extended frame than our 232 surface cell. It is
possible, by example, that a more favorable reconstructio
the hollow site at low coverage along the trough can
found in a 432 frame, thus contradicting our affirmation
regarding adsorbate movements between cave and ho
sites. The argument of Ref. 8 can be viewed as a hint in
direction. However, at this stage, we reject the possibility
drawing conclusions based on the 431 calculations becaus
they can only simulate situations where all hollow sites in
trough are simultaneously occupied.

Kobayashiet al.9 argued for the importance of using non
linear core corrections~NLCC’s! in the alkali-metal pseudo
potential. The use of NLCC’s resulted in a higher Na-
bond length and in a favorization of the hollow sites over t
cave sites. While we also observed this effect of NLCC’s
the bond lengths, we found that NLCC’s do not change
preference for the cave site in the low coverage regime.
their calculations Kobayashiet al.9 used a 233 surface cell
as well as a 231 cell. They studiedin extensothe adsorption
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geometries at13 -, 1
2 -, 5

6 -, and 1-ML coverages. At the13 cov-
erage they have a situation with two adsorbates occup
two out of the three possible hollow sites in the trough of
233 surface cell. They do not give results for the lowe
coverage of16 ~i.e., an almost isolated Na atom in the troug!
which would be interesting for our considerations. The pr
erence for the hollow sites they calculated at2

3 occupancy of
. P
. B

i.

.

g
e
t

-

the trough~corresponding to their13 coverage situation! is
not in contradiction to our results.
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