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Theoretical determination of the adsorption geometry of Na on the §D01) surface
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Ab initio total-energy calculations for Na on the(@1) 21 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 2x2 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 di&3163-18208)08348-9

I. INTRODUCTION the adsorption geometries at3,2, and 1ML coverages,
and found that the hollow site is always preferred over the
Although alkali-metal(AM) adsorption on the $301) cave site, in contradiction to their previous restfitwhich
surface has been a topic of great interest due to its scientifiyere obtained without the use of partial core corrections for
and technological importance, some aspects of this systethe alkali-metal atoms. We will compare our results to those
remain controversial. A very early model for alkali-metal Of Refs. 8 and 9 in Sec. IV.
adsorption on $001) proposed by Levineassumes that AM In this work we present results of extended first-principles
atoms form a linear chain on top of the Si dimers, with acalculations for the total energy of Na adsorption at the vari-
saturation coverage of one half of a monolayer. Since th@us sites on the 8101 surface for four different coverages.
ML coverage has been defined differently, we specify ourThe density-functional methdti ** with a plane-wave basis
definition: 1 ML=6.78%x 10** adsorbates/ctm i.e., two ad- Set is used. To account for periodic boundary conditions, a
sorbates per Si dimer or per Sika surface cell. On the slab model was employed. The(®21) surface has a 21
Si(001) surface, several symmetric sites are possible candieconstruction due to the pairing of the topmost Si atoms.
dates for AM adsorption, and there is no agreement on whichVe used two identical 21 cells resulting in a 2 surface
sites really are occupied for a given coverage. cell as the substrate for Na adsorption, in order to study
Mangatet al? claimed, based on experimental and theo-coverages lower than half of a monolayer, and to allow more
retical (cluste) considerations, that the AM adsorption is reconstruction possibilities for higher coverages. Our results
taking place only at the cave site, also supporting a maximadpropose a solution to the contradiction that those authors
coverage of: ML. On the other hand, Enta, Suzuki, and Who support the double-layer model usually find the hollow
Kon03 (using ang|e-reso|ved photoemissj(mnd Abukawa (together with the pedeS)ai;ite to be stable, while others
and Kond (using photoelectron diffractionproposed a Who are supporting only one adsorption site favor the cave
double-layer structure. In this model the AM adsorbates aréand not the hollowsite.
located above the third layer of Si atoms, in the pedestal and We find that the cave site is stable for small coverages,
hollow (or valley bridge sites, with coverages up to 1 ML. but for higher coverages we observe that the cave site Na
Most theoretical calculations, especiadl initio pseudopo- —adsorbates migrate into the hollow sites. Small coverages are
tential calculations, support the double-layer motiatra,  better modeled in cluster calculations, while calculations, us-
Refs. 57, and others ing periodic boundary conditions do not allow the investiga-
Zhang, Chan, and Hcclaimed that the saturation cover- tion of arbitrarily low coverages. A 21 surface cell, e.g.,
age is 1 ML, with adsorbates in pedestal and hollow sitespnly permits the study of or 1 ML.
while at$ ML the adsorption site is the hollow site. This can ~ This paper is organized in the following way. In Sec. Il
be expected for calculations with a surface cell af2only. ~ We present the theoretical method and calculational details.
The situation may change, however, if larger supercells ardhe results for the clean surface and the Na-Si surfaces at
considered. different coverages are given in Sec. Ill. Section IV contains
Ko, Chang and Y investigated the adsorption in a2  additional discussions and a summary.
and a 41 surface supercell. With thex2 surface cell they

found that the adsorption at the cave site is slightly more Il. METHOD AND CALCULATIONAL DETAILS
favorable than at the hollow site; however, they found an . . _
even lower energy in a1 reconstruction where on|y hol- All calculations were carried out using the molecular-

low sites are occupied at low coverages. Kobayathil®  dynamics density-functional prografhi96mddeveloped by
used, in addition to the>21 calculations, a 3 surface cell.  Scheffler and co-workerd:*® It is known'® that the molecu-
They used a cutoff energy of 6.25 Ry with fokipoints for  lar dynamics method—indirect minimization of the energy—
the 2<3 cell and 32k points for the X1 cell. They studied needs a longer time from “nearly converged” to ‘“con-
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verged” solutions than the method of direct minimization
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(eventually using a conjugate gradient methd8ut when ‘\,<
the ions are simultaneously moved this method proves to be > Ve
a valuable and efficient tool. We used fully separaate /iBRDG.F\\
initio pseudopotentials after Kleinman and Bylantfeand -
non-linear core corrections for the pseudopotential of Nal \/ [pEDESTAL |
were employed’ All calculations were done in the local- < |
density approximation with the exchange-correlation poten- + }—&—
tial taken from the results of Ceperley and Alfein the Z/
Perdew and Zunger parametrization. () o

We chose a slab model of eight Si layers and the equiva-

lent of 12 layers of vacuum. To diminuate nonphysical inter- FIG. 1. Schematic top view of the Na(81) surface. Adsorp-

actions between_the two surfaces through the vacuum, Won sites for Na: the pedestas) and the hollow(h) (valley bridge
saturated the silicon bonds at the bottom of the slab Withjieg are Iocated above the third layer of Si, the bridjeand cave

hydrogen atoms. Also, the method developed by Neugebaugy sites above the fourth Si layer.
and Schefflé® of introducing a planar dipole layer in the
middle of the vacuum region was employed. The dipole
strength is adjusted to compensate for the adsorbate-inducéayers the “trough.” It is directed alonffL10]. Adsorption at
dipole. In this way, without losing accuracy, the number ofeach of these four sites in various combinations was studied
vacuum layers has not to be increased, keeping the verticédr coverages of;,3,%, and 1 ML. As initial positions the
dimension of the slab supercell to reasonable values. Na atoms were placed above the corresponding adsorption
Taking into account that the surface may have metallicsite, and the substrate atoms were arranged according to the
character we used for the calculations a grid okifints in  relaxed clean Si surface but without the tilted dimers. The
the surface Brillouin Zone. Exploratory calculations weretotal energy was then minimized by relaxing the positions of
initially made with fewerk points. Two different methods the Na and the eight Si atoms of the two top layers.
were applied for setting up tHepoint grid: one is described
in Refs. 21-23, the other was used in Ref. 24.
The calculations were done mainly at a cutoff energy of 8 C. 2-ML coverage
Ry. Several tests were performed with cutoff energies up to
14 Ry. They showed that, although the total energies stiI(L;l
decreased with increasinB. o, the energy differences b
and the bond length do not vary significantly for cutoff en-
ergies above 8 Ry.
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In the initial stages of the energy optimization the Na
proaches the surface with a simultaneous relaxation of the
substrate atoms. For adsorption at the bridge site and the
hollow site, quasistationary energy minima with energies of
E, andE,, are obtained, which last for several iteration steps.
However then these sites turn out to be unstable and the
. RESULTS energy is further reduced when the Na eventually moves
from theb site toward the pedestal site and from thsite
toward the cave site, respectively. We did not found any
First, the relaxation of the clean(8D1) surface was in- significant potential barrier between tieand c sites, nor
vestigated in a 2 cell. The positions of the Si atoms of the betweerb andp. The adsorption energies per adatom and the
third and deeper levels were fixed at their bulk sites, whilegeometries of the equilibrium surfaces are given in Table |
those of the eight Si atoms of the two top layers were opti{also see Fig. 2
mized. In Fig. 2 we also depict the adsorption energy per adatom.
The lowest energy was found for ax2 reconstruction As the reference energy we used the sum between the total
with alternating buckled dimers. This reconstruction is prac-energy of a clean 8101) system and the energies of free Na
tically degenerate in energy with thex2 surface with non- atoms. The latter were determined using a sepaatiitio
alternating buckled dimers. Our calculated Si-Si dimer dis-calculation with the same pseudopotential. The Na atoms
tance for the clean surfad@ising 14-Ry cutoff energyis  were put in a bulk configuration but with a very large lattice
D=2.29 A. Photoemission extended x-ray-adsorption fineconstan{about 15 A in order to approximate free atoms and
structure measuremeniRefs. 2 and 2b yield D=2.20 at the same time maintain periodic boundary conditions. The
+0.04 A, while classical low energy electron-diffractions spin-polarization energy for N&.32 eV} is included.
datg®?” give D=2.40+0.10 A. Note that in contrast to the starting positions, the energeti-
cally most favorable reconstruction for adsorption on the
pedestal site is not symmetrisee Fig. 3. The Si dimers are
tilted, alternating by about 0.7 A and the distanigg. g;is 2.9
A for the two upmost Si atoms and 3.2 A for the other two Si
The four sites for Na adsorption investigated are showratoms which form the substrate at the pedestal(séte Table
schematically in Fig. 1. The pedestg) and the hollow(h) I). A symmetric reconstruction for the site appears to be
sites are located above the third layer of Si, and the bridgaigher in energy than the cave site. The pedestal site with
(b) and cave(c) sites above the fourth Si layénote that the  strongly tilted Si-Si dimers and the cave site are both stable,
hollow site is also called the valley-bridge git€or conve-  being separated by a potential barrier which we calculated to
nience, we call the open region above the third and fourth Sbe 0.5 to 1 eV high.

A. Clean Si surface

B. Adsorption sites and procedures
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TABLE I. Converged total energy and geometry details for various coverages and site occupancies.
Energies in parentheses indicate unstable adsorption sites. The numbers for the Na-Si bond length marked
with an asterisk denote the distances from Na atoms in the hollow sites to the Si atoms in the second layer.
h denotes the height above the surféice., from the middle of the nearest Si dimer

site Si-Si dimergA)

Cov. S(001) ads. energyeV) 2.29 Na-Si bondgA) h (A)
3 p 2.26 231 2.9/3.2 2.0
3 c 2.19 2.38/2.24 2.8 1.0
% h (1.92 2.34 3.F 1.2
: cp 2.11 2.44/2.29 1.0/2.0
3 hh 1.85 2.46 1.1
1 pp 1.81 2.38 1.9
1 hp-diag (1.89
1 hp-line (1.84
1 cc (1.80
3 hhp 2.00 2.56 0.9/1.8
3 cpp 1.97 2.42/2.46 1.1/1.9
3 hpp (1.99 2.53 1.0/1.8
1 h-h-p-p 2.04 2.64 1.0/1.8

Another observation is that the adatom in thesite is The converged total energy for tieh adsorption is higher
nearer to the two atoms from the second layer than to thenhan forc-p but lower than fop-p. If all pedestal sites along
four top Si atoms which form thk site. The position of the  the row are occupied, the previously observed tilt of the Si-Si
Na atom in theh site is almost degenerate in energy for smalldimers at the surface is reversed; the substrate restores a
moves in thex-y plane(large vibrational amplitude strict 2x1 periodicity that will be kept up to full coverage.

Without the tilted dimers, the pedestal sites occupamep)
turns out to be less favorable than the other stable sites, as
D. 1-ML coverage previously mentioned.

The cave-cave adsorption is unstable: The Na atoms in a
trough “prefer” the hollow-hollow sites. This is in contrast
to the case of a smaller coverage, where the hollow site is
unstable and every second cave site is preferred. This is an
example of the general rule we have also found to hold for

For a coverage of half a monolayge., one Na atom per
one Si dimey, we can consider adsorption at pairs of the four
sites, i.e., at ten positions, since we havexa2ZXurface cell.
This is in marked contrast to investigations with g2 cell
where only the four symmetric paird{p, p-p, c-c, and
h-h) are accessible. In our calculatiomsp adsorption with
the occupation of every second cave site simultaneously witt
that of a every second pedestal site is energetically mos
favorable. An inspection of Fig. 2 shows that the energies for
adsorption of Na at the same sites are distinctively higher.

Energy/adatom (eV)
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hhpp
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1/4 172 3/4 11 _ .
coverage FIG. 3. Pedestal site reconstructions at a coverage & sym-

metric reconstruction is shown on the left. On the right, the ener-
FIG. 2. Converged total adsorption energy per adatom for varigetically more favorabléby about 0.3 eV¥ converged reconstruc-
ous sites at different coverages. tion with alternating tilted dimers is depicted.
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higher coverages: thesite is stable when the neighborisg slightly more favorabléby about 0.07 eYthan the cave site.
sites are empty. But if the number of Na atoms in the trouglHowever, the potential barrier between the stable pedestal
along the[110] direction increases, the tendency of the ad-and cave sites is much high@.5—-1 eV} than the difference
sorbates to move to the cave sites is reversed, and, instead.energy between theftess than 0.1 e/and we expect that
the hollow site with the neighborinly sites also occupied is from the beginning of the adsorption process we will have
more stable. It should be emphasized that these findingS %SorbatGS, in Comparab'e numberS, in both sites.
not depend on an interpretation of the energy differences Ko, Chang, and % using a 4<1 surface cell, found even
alone, but are also reflected in the outcome of the geometrig, e favorable adsorption at the hollow site. But, due to the
optimizations using the Heliman-Feynman forces. periodic boundary conditions, occupation of a hollow site in
. In REf' £ the _p055|b|I|ty of subsurface e_ldsorptlc_)n WaS3 4x 1 (or 2x1) geometry necessarily implies that all hollow
!sr;\;te)lsélzitséjﬁrélgllgaggrt?ke)ii results, we did not find AMN¥sites along a trough are also occupied. In this case, there is
P ' no contradiction to the rule we found for the occupation of
the sites along the trough. The hollow sites are indeed the
most energetically favorable since the cave sites inxd 4
E. Higher coverages reconstruction have to be unstable because they cannot have

For a coverage of ML, we have found two possible empty neighboring cave sites along the same trough. So, for
adsorption geometries that are very close in enecgg:p & Coverage of ML, Ko, Chang, and Yifound a reconstruc-
and h-h-p occupations. Other choices turn out to be un-tion with one row(along the troughfully packed with ad-
stable, as expected from the above rules-p transforms Sorbates while periodically alternating with neighboring
into h-h-p andh-p-p goes intoc-p-p. empty rows.

For one full monolayer we found only one stable adsorp- We expect that, besides the<4 structures(if preseny,
tion geometryh-h-p-p, a double-layer pattern with the ada- there are other reconstructions employing pedestal and cave
toms situated above the third Si layer. This adsorption keepsites that are contributing to the structure of the surface even
the 2x1 periodicity of the clean $001) surface, with the Si  at low coverages. The model of adsorption that our results
dimers stretched 2.64 A apart. imply suggests the following way to adsorb the Na atoms
starting with small coverage and ending with a full ML: we
predict that, as the AM layer starts growing, the Na atoms
are adsorbed at cave and pedestal sites with almost equal
probability. This continues smoothly until the coverage ap-

We have performedb initio total-energy calculations and proaches; ML of a ML. For 3 ML we do not agree with the
geometry optimizations using Hellman-Feynman forces for anost frequently used model with AM atoms occupying all
clean S{001) surface with and without Na adsorbates. For ahollow sites while pedestal sites are still empty. Then, as the
coverage of one full monolayer we found a double-layerpopulation of AM’s in the troughs increases, the Na atoms
structure of X1 periodicity with the occupation of all hol- previously situated in the cave sites undergo a transition by
low and pedestal sites for a maximum coverage of 1 ML.moving into the hollow sites. The AM’s in the pedestal sites
This is in agreement with most previous theoretical resultsremain there, and the adsorption can go on until a coverage
In particular, the calculated adsorption energy per Na atonof 1 ML is reached, and by then every hollow and every
of 2.04 eV and the Si-Si dimer distance of 2.64 A agree withpedestal site will be occupied. According to these results, the
the results of Ref. §2.06 eV and 2.63 A critical coverage is 1 ML for Na adsorption on(@01).

For a coverage o} ML of Na adsorbates, we found that ~ The investigation of other reconstructions for the compli-
the combined pedestal-cave adsorption is energetically moreated adsorption geometries at small coverages probably re-
favorable than all situations where adsorption was considguires a more extended frame than ox2surface cell. It is
ered only at the same sites. It lies deeper in energy by 0.26ossible, by example, that a more favorable reconstruction of
eV than the hollow-hollow site. For this coverage, Ko, the hollow site at low coverage along the trough can be
Chang, and Yi considered only adsorptions at two equiva-found in a 4<2 frame, thus contradicting our affirmations
lent sites in the X2 surface cell, thus missing exactly the regarding adsorbate movements between cave and hollow
configuration that yields the lowest energy. For thé ad-  sites. The argument of Ref. 8 can be viewed as a hint in this
sorption, our values for the adsorption enef@y85 e\) and  direction. However, at this stage, we reject the possibility of
the Si-Si dimer distanc€2.46 A) agree with the results of drawing conclusions based on th& # calculations because
Ref. 8 (1.94 eV and 2.46 A For coverages of ML we  they can only simulate situations where all hollow sites in a
found that both pedestal and cave sites are stable and ratheough are simultaneously occupied.
close in energy. Kobayashiet al® argued for the importance of using non-

Ko, Chang, and Yi investigated the adsorption in both linear core correction€NLCC's) in the alkali-metal pseudo-
2x2 and 4x1 surface supercells. At coverage, using the potential. The use of NLCC's resulted in a higher Na-Si
2x2 surface cell, for the cave site they obtained a largebond length and in a favorization of the hollow sites over the
adsorption energy than for the pedestal and hollow sitescave sites. While we also observed this effect of NLCC'’s on
They noted the tilted dimers for th®(2x 2) reconstruction, the bond lengths, we found that NLCC’s do not change the
and found that the tilting reduces the energy by about 0.1 e\fpreference for the cave site in the low coverage regime. For
Our results indicate a higher-energy gain due to the tiltingtheir calculations Kobayasteit al® used a X3 surface cell
(0.3 eV), with the consequence that the pedestal site appeass well as a X1 cell. They studiedn extensdhe adsorption

IV. DISCUSSION AND SUMMARY
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geometries a-,31-,2-, and 1-ML coverages. At thé cov-  the trough(corresponding to theig coverage situationis
erage they have a situation with two adsorbates occupyingot in contradiction to our results.

two out of the three possible hollow sites in the trough of the

2x3 surface cell. They do not give results for the lowest ACKNOWLEDGMENTS
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