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Atomic structure of Na-adsorbed Si(100) surfaces
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We examine the atomic and electronic structure of Na-adsorbed Si(100)-p(2 x 2) surfaces for
various Na coverages (0) through first-principles pseudopotential calculations. At 0 = 4, we find
that the 4 x 1 structure with linear Na chains adsorbed on the valley bridge sites is energetically
most stable, while substrate Si dimers are rearranged by buckling towards the Na chains. At 0 = —,
the adsorption site of Na is the valley bridge site; however, the 2 x 2 structure is found to be
more stable than the 2 x 1 structure. From the calculated formation energies, we suggest that the
saturation coverage is one monolayer with the Na atoms occupying the pedestal and valley bridge
sites, exhibiting a 2 x 1 reconstruction. The coverage dependences of surface geometry and work
function are discussed.

I. INTRODUCTION

The adsorption of alkali metals on semiconductor sur-
faces has attracted much attention because of its techno-
logical and scientific importance. Of special interest are
the lowering of the work function, the negative electron
amenity state, the metallization mechanism, and Schot-
tky barrier formation of metal-semiconductor interfaces.
In this category, alkali-metal adsorption on clean Si(100)
surfaces has been intensively studied. However, the ad-
sorption site, the saturation coverage, and the nature of
chemical bonds between alkali metal and substrate still
remain controversial.

The clean Si(100) surface exhibits a 2 x 1 reconstruc-
tion, in which the outermost Si atoms are dimerized.
It is generally believed that the asymmetric and buck-
led dimer model [see Fig. 1(a)] is more stable than the
symmetric one. In the asymmetric dimer model, the
up and down atoms of a Si dimer have p — and 8p -like
bonding configurations, respectively, and a charge trans-
fer from the down atom to the up atom makes the sur-
face free energy lower. However, recent experiments in-
dicated that on the Si(100) surface a correlated buckling
of dimers in the form of the p(2x2) or c(4x2) structure
[see Fig. 1(b) and (c)] is lower in energy than the uncor-
related 2 x 1 structure. 2 '

On the Si(100) surface deposited by Na atoms, the
2 x 1 low energy electron diffraction (LEED) pattern of
the clean surface was shown to first change to a 4 x 1
pattern at room temperature, then, a 2 x 1 unit cell is
recovered at saturation coverage. ' ' ' At higher tem-
peratures above 500 K, a 2 x 3 structure was observed.
As an adsorption site on the Si(100) surface, Levine
proposed that adatoms occupy the pedestal sites (de-
noted as HH in Fig. 2). Levine's model was sup-
ported by dynamical LEED intensity spectra analysis for
the Na/Si(100) system. s Recently, Mangat and his co-

workers reported a single-adsorption-site model, in which
Na atoms are adsorbed on the cave (denoted as T4 in
Fig. 2) sites, based on polarization-dependent photoe-
mission extended x-ray-adsorption fine-structure exper-
iments and first-principles cluster calculations. Since
the single-site model corresponds to the half-monolayer
coverage [one Na atom per Si(100)-(2 x 1) unit cell], the
alkali-metal adsorbed Si(100) surface is metallic. How-
ever, Enta and his co-workers found from their angle
resolved photoemission experiments that at the satura-
tion coverage the K/Si(100) system is insulating. Al-
ternatively, Abukawa and Kono proposed a double-layer
model, i.e. , a one-monolayer-coverage model, in which
two sites are adsorbed per Si(100)-(2 x 1) unit cell. Re-
cent first-principles total-energy calculations showed that
alkali metals occupy the HH and valley bridge (de-
noted as T3 in Fig. 2) sites, supporting the double-
layer model. ' Experiments such as reHection high en-
ergy electron diffraction analysis, inverse photoemis-
sion spectroscopy, and medium energy ion scattering
also supported the double-layer model. Alkali-metal ad-
sorption induces a significant lowering of the work func-
tion, and this behavior was attributed to the dip~layers
formed by the ionization of adatoms. i4 However, Ishida
and Terakura analyzed the nature of the alkali-metal —Si
bond and claimed the polarized covalent bond picture
even at low coverage.

In this paper we study the atomic and electronic struc-
ture of clean and Na adsorbed Si(100) surfaces with use
of a first-principles pseudopotential method. We use the
p(2 x 2) phase of the clean Si(100) surface with the cor-
related bucklings within the dimer rows as a substrate
unit cell. We investigate the energetics of various ad-
sorption sites and the structural change of the surface at
different Na coverages. At quarter-monolayer coverage,
we report the first theoretical result of the 4 x 1 stable
structure, in which Na atoms are adsorbed at the valley
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bridge sites, while missing rows appear between neigh-
boring linear Na chains. In this case, all the substrate Si
dimers are found to be oriented toward the Na chains by
a rearrangement of bucklings. As Na coverage increases
to half-monolayer, additional deposited Na atoms occupy
the missing valley bridge sites. Although the bucklings
of the Si dimers are much reduced at this coverage, they
still preserve the asymmetric arrangement, exhibiting the
p(2 x 2) structure. However, the difference of the total
energies between the p(2 x 2) and 2 x 1 structures is found
to be extremely small. At one-monolayer coverage, Na
atoms occupy the pedestal sites on the dimer rows as
well as the valley bridge sites. Then, the substrate Si
atoms form symmetric dimers, and the surface structure
exhibits a 2 x 1 pattern. From the calculated formation
energies, we suggest that the saturation coverage is one-
monolayer and Na atoms are positioned at the pedestal
and valley bridge sites within a 2 x 1 unit cell. In Sec. II
the computational methods are introduced. The results
of our calculations for clean and Na adsorbed Si(100)
surfaces are presented in Sec. III. The coverage depen-
dences of the surface structure and the work function are
also given. Finally, we summarize the paper in Sec. IV.

(cj c(4 x 2j II. METHOD OF CALCULATION

FIG. l. (a) A side view of the asymmetric Si dimer and

(b), (c) top views of the p(2 x 2) and c(4 x 2) structures on
the clean Si(100) surface. The up atoms of the dimers are
denoted by shaded circles.

T4

Ts 0

FIG. 2. A top view of the unit cell in the Si(100)-p(2 x 2)
structure. The pedestal, valley bridge, cave, interdimer
bridge, and dimer bridge sites are denoted by HH, T3, T4,
B2, and HB, respectively.

Our calculations are based on an accurate and eKcient
Ob initio pseudopotential method within the local-density
functional approximation, which allows for the calcu-
lations of forces on atoms to relax atomic configurations.
The Wigner interpolation formula is used for the ex-
change and correlation potential. Norm-conserving soft
pseudopotentials are generated by the scheme of Troul-
lier and Martins, then, they are transformed into the
separable form of Kleinman and Bylander. We include
the partial core corrections developed by Louie, Froyen,
and Cohen for the Na potential. With the core cor-
rections, the equilibrium lattice constant and the bulk
modulus for Na in the bcc structure are calculated to
be 4.112 A. and 0.084 Mbar, respectively, while the corre-
sponding measured values are 4.225 A. and 0.068 Mbar.
However, neglecting the core corrections, we estimate a
much smaller lattice constant of 3.991 A. . The Kohn-
Sham equation is solved self-consistently in momentum
space using the modified Jacobi relaxation method which
was recently developed and employed successfully for a
variety of systems. A plane wave basis set is used to
expand the wave functions with a kinetic energy cut-
ofF of 10 Ry. To obtain the minimum energy configu-
ration for each surface structure, the Hellmann-Feynman
forces are calculated and used for relaxing the ions via
the conjugate gradient method until the forces are less
than 3.0 x 10 Ry ja~, where a~ is the Bohr radius. To
perform the Brillouin zone (Bz) integration of the charge
density, eight k points in the irreducible sector of the BZ
are employed for the asymmetric clean Si(100)-(2 x 1)
structure and equivalent k-points sets are used for other
2 x 2 and 4 x 1 surface structures.

Surfaces are modeled by a repeated slab geometry. The
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Si substrate consists of 10 Si(100) layers and a vacuum
region with a thickness of 8 Si layers is inserted between
Si slabs. On the clean Si(100) surface, we examine the
energetics of the 2 x 1, p(2 x 2), and c(4 x 2) unit cells.
For the Na adsorption on the Si(100) surface, Na atoms
are adsorbed on both sides of the Si surfaces. We choose
the p(2 x 2) unit cell as a starting configuration for the
substrate. All the Si atoms except for two Si layers cen-
tered in the bulk region are fully relaxed until the op-
timized configuration is obtained. We investigate most
of the plausible adsorption sites for quarter-, half-, and
one-monolayer Na coverage models, which have half, one,
and two Na atoms in the 2 x 1 unit cell, respectively.

2 x 1 structure, in good agreement with other theoret-
ical calculations. ' ' However, the energies of these
ordered structures are nearly the same because the inter-
actions between neighboring dimer rows are negligible.
The dimer-bond length in the p(2 x 2) structure is esti-
mated to be 2.36 A. , which is slightly larger than that of
the asymmetric 2 x 1 structure, thus, it is closer to the
measured value. The vertical distance between the up
and down atoms of a dimer is 0.72 A. , giving an increased
buckling angle of 17.8, as compared to the asymmetric
dimer model. Similar results for the dimer-bond length
and the buckling of the asymmetric dimer are found in
the c(4 x 2) structure.

III. RESULTS AND DISCUSSION B. Na-adsorbed Si(100) surfaces

A. Clean Si(100) surface

We first examine the optimized geometry of the clean
Si(100) surface. In a 2 x 1 unit cell, the asymmetric dimer
configuration is found to be energetically more stable by
0.15 eV/dimer than the symmetric dimer model, in good
agreement with previous calculations. ' In the asym-
metric dimer model, the dimer-bond length is 2.29 A and
this value is smaller than the measured value of 2.46 A.ss

The difference of the heights between the up and down
atoms of a Si dimer is 0.65 A, which is close to the pre-
viously calculated value of 0.54 A. ,

7 giving a buckling
angle of 16 .

In the p(2 x 2) and c(4 x 2) structures, the dimers
are buckled alternately along each dimer row direction
as shown in Fig. 1, while they are arranged in the same
direction in the 2 x 1 structure. The neighboring dimer
rows in the p(2 x 2) structure are buckled in phase while
the c(4 x 2) structure has the buckling of out of phase.
The ordering of the asymmetric dimers in the p(2 x 2)
and c(4 x 2) structures can be understood by considering
surface strain energy ' and electrostatic energy gain
due to the antiferromagnetic arrangement of dimers. Be-
cause of the charge transfer between the Si atoms of
the asymmetric dimer, each dimer acts as a dipole mo-
ment. The antiferromagnetic ordering of the dipole mo-
ments within each dimer row was shown to be stabilized
through dipole-dipole interactions. Since dimerization
is accompanied with large surface relaxations, strains
are inevitably accommodated in the near-surface region.
However, the relaxations of the sublayer in the c(4 x 2)
and p(2 x 2) structures are found to reduce very electively
the strain energy, as illustrated in Fig. 1. In these or-
dered structures, the sublayer atoms bonded to the neigh-
boring up Si atoms of the dimers are relaxed toward the
up atoms. The subsequent outward relaxations of the
sublayer atoms bonded to the down Si atoms reduce the
heights of the down atoms, thus, the amount of buckling
is slightly increased. We find the displacements of the
sublayer atoms from their positions in the 2 x 1 structure
to be about 0.1 A. along the dimer row direction. Similar
relaxations were also found on Ge(100) surfaces. 4s

We find that the p(2 x 2) and c(4 x 2) structures are
more stable by 0.1 eV/dimer than for the asymmetric

To find plausible adsorption sites of Na on the Si(100)
surface, the p(2 x 2) structure is chosen as a starting
configuration for the substrate, while previous work
used the asymmetric 2 x 1 structure. Thus, we examine
the effect of the ordering of the Si dimers on the optimized
geometry of Na/Si(100) systems. The adsorption sites of
Na are determined by calculating the adsorption energy
(E g) per Na on the Si(100) surface, which is defined as;

E q = (Es;+ nE —Es;+N )/n,

where Es; and Es;+N are the total energies of the clean
and Na adsorbed Si(100) surfaces, respectively. EN is
the total energy of a spin-polarized free Na atom and n
denotes the number of adsorbed Na atoms. If the Na
coverage (0) is defined as the ratio of the number of Na
atoms to that of the outermost Si atoms, 0 = 4, 0 = 2,
and 0=1 correspond to 0.5, 1, and 2 adatoms per Si
dimer, respectively.

At 0 = 4, we consider two ordered structures in the
2 x 2 and 4x 1 units. The adsorption energies calculated
for high symmetry adsorption sites such as B2, HH, T3,
and T4 in Fig. 2 are listed in Table I for both the 2 x 2 and
4 x 1 structures. We find that the T3 site in the 4 x 1 unit
cell has the highest adsorption energy, indicating that the
4 x 1 structure is the stable geometry at 0 = 4. This

T3
T4

HH
B2

(2 x 1) (2x 2)
1.94
1.98
1.95
1.50

(4 x 1)
2.22
1.99
1.97
1.78

T3-T3
T4-T4

HH-HH

1.94
1.84
1.76

T3-HH
T4-HH

2.06
1.99

TABLE I. Adsorption energies (E q in eV) at various sites
denoted in Fig. 2 are compared at —-, —-, and 1-monolayer
coverages.

Adsorption sites



4332 YOUNG-JO KO, K. J. CHANG, AND JAE-YEL YI

Si

FIG. 3. Side and top views of the optimized geometry of
the 4 x 1 structure at 0 = —,in which Na occupies the T3
site.

result is in good agreement with LEED experiments that
frequently showed the 4x1 pattern at low Na coverages
near 0 = —. ~ The T4 site is less stable by 0.234
eV per Na atom than for the T3 site, while this site is
most stable in the 2 x 2 structure. Among the adsorption
sites considered here, the adsorption energy is found to
be smallest at the B2 site in both the 4 x 1 and 2 x 2
structures.

The optimized geometry for the T3 adsorption in the
4x1 unit cell is shown in Fig. 3, and the Si-Si and Na-Si
bond distances are listed in Table II. The 4 x 1 periodicity
is simply constructed by forming linear Na chains along
the dimer row direction, accompanied with missing rows
between Na chains. Thus, the separation between the
neighboring Na chains is twice larger than the distance
of 7.68 A. between the dimer rows. At the T3 site, the Xa
atom is bonded more closely to the second layer Si atoms
with the bond length of 3.16 A, while the separation be-
tween Na and the up atom of the asymmetric dimer is
3.20 A. As compared to the clean Si(100) surface, the
dimer-bond length of 2.39 A. is slightly increased, how-
ever, the amount of buckling of the asymmetric dimer is
significantly reduced to 0.37 A.

As Na atoms occupy the T3 sites, all the asymmetric
dimers are oriented towards the Na chains as shown in
Fig. 3, whereas in the 2 x 2 structure a correlated buck-
ling of the dimers is retained, similar to the clean p(2 x 2)

structure. On the clean Si(100) surface, the asymmetric
dimers are correlated along the dimer row direction, i.e. ,

the nearby dimers within a dimer row are buckled in op-
posite directions (see Fig. 1). In the 2 x 2 structure at
0 = 4, since only one T4 site in the unit cell is occu-
pied along the dimer row direction, the Na atoms more
strongly acct the dimer-bond length and the degree of
buckling of the neighboring dimers. However, the asym-
metric dimers are arranged in the same way as that on
the clean Si(100) surface. For the dimer adjacent to the
Na atom, the dimer-bond length and the difFerence in
height of the dimer Si atoms are 2.43 and 0.28 A. , respec-
tively, while the corresponding values are 2.32 and 0.53 A.

for the other dimer. However, in the 4 x 1 structure, the
bucklings of the asymmetric dimers are closely related to
the adsorption site of Na and the ionized Na potential,
because the Na chains are well separated by a missing
row. When an asymmetric dimer is formed, it is known
that more electron charges are accumulated at the up Si
atom than at the down atom because of the charge trans-
fer between the two atoms. Since the Na atom is slightly
ionized upon adsorption, it is likely to be positioned near
the up atom of the asymmetric dimer. If the up atoms of
the dimers are rearranged towards the adjacent Na chain,
the T3 site is ideally Gtted to the adsorption site because
this site is surrounded by more up atoms than for the T4
site, resulting in more attractive interactions.

The clean p(2 x 2) surface gives an equal number of
filled (Si 2) and empty (Si 2) surface states in the gap
region, which are originated from the dangling bonds of
the up and down atoms, respectively, of the asymmet-
ric dimer. The filled Si 2 bands exhibit a large pileup
of charge densities around the up atom. At 0 = —,the
unoccupied Si 2 bands of the clean Si(100) surface are
partially filled by Na electrons. For Na at the T3 site in
the 4 x 1 cell, the electron charge densities for the newly
occupied state are plotted in Fig. 4(a). We find that the
charge densities of the newly occupied state are mostly
accumulated near the down atom of the dimer. The oc-
cupation of the S& 2 bands by the electrons of ionized
adatoms was often regarded as evidence of the ionic na-
ture of the alkali-metal —Si bond. However, from the anal-
ysis of the surface bands, it was suggested that the polar-
ized covalent bond picture is more appropriate. ' We
find no directional bonding between the Na and Si atoms
and attribute the reduction of buckling of the asymmetric
dimer to the charge transfer from Na to the Si dangling
bonds. The charge densities for the surface states in Fig.

TABLE II. Calculated Si-Si (ds;-s;) and Na-Si (dN -s;) bond distances (in units of A) are given
in the optimized geometries of the most stable structures at various Na coverages. The amount of
buckling of the Si-Si dimer is given in parentheses. Si(1) and Si(2) represent the Si atoms in the
first and second layers, respectively. The Na adsorption sites are denoted by T3 and HH in Fig. 2.

0 Structure

2x2
4x1
2x2
2x1

dsi-si

2.36 (0.65)
2.39 (0.37)
2.46 (0.12)
2.63 (0.00)

Na(T3)-Si(1)

3.20
3.35, 3.46

3.30

dNa-si
Na(T3)-Si(2)

3.16
3.10
3.07

Na(HH)-Si(l)

2.96
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|'.a) Na O Si

FIG. 4. The charge density contours for the (a) Si 2 and

(b) Si,2 states in the 4 x 1 structure at 0 = —are plotted on
the planes containing the Si dimers. The Na atom is adsorbed
at the T3 site.

4 exhibit p -like orbitals, very similar to those for the Si
dangling bond states of the clean Si(100) surface. Thus,
the weak covalency is preserved between the Na and sur-
face Si atoms. For both the T3- and T4-site adsorptions
in the 4 x 1 unit cell, the energy separation between the
Sq 2 and Sz 2 bands is found to be about 1.0 eV, with a
band width of 0.8 eV for each band. However, for the
T4-site adsorption in the 2 x 2 structure, this energy sep-
aration is much reduced, giving rise to a slight overlap

~],2 and ~j
At 0 = 2, we only consider the 2 x 2 unit cell, in which

two Na atoms occupy two equivalent sites. Although our
calculations are similar to previous work '~ ' using the
2 x 1 unit cell, the use of the 2 x 2 unit cell can treat more
effectively the correlation of the asymmetric dimers. The
calculated adsorption energies at the T3-T3, T4-T4, and
HH-HH sites are listed in Table I. The adsorption en-
ergy is found to be largest at the T3-T3 sites. In this
case, since the Na atoms occupy all the T3 sites between
the dimer rows, the Na potentials do not change the cor-
related bucklings of the substrate dimers. Thus, the op-
timized geometry of the minimum energy state exhibits
the same p(2 x 2) periodicity as that of the clean surface.
At the T3 site, the Na atom is more closely bonded. to
the second-layer Si atoms with the bond distance of 3.10
A. than to the dimer atoms as shown in Table II. The
Na-Si bond distances are found to be 3.35 and 3.46 A for
the up and down atoms, respectively, of the dimer. In
the 2 x 2 structure, the dimer-bond length is increased
to 2.46 A, compared with the stable 4 x 1 structure at
0 = 4, while the amount of buckling of the asymmet-
ric dimer is significantly reduced to 0.12 A, close to the
symmetric dimer. However, this amount of buckling is
much larger than the results of Kobayashi and his co-

C. Coverage dependences of structure
and work function

If a Na-adsorbed Si surface is in equilibrium with the
Na reservoir, the surface formation energy (Af) is written
as a function of the Na chemical potential (pN ),

~f = E5i+Na ~PSi nPNay (2)

where ps; is the total energy of bulk Si and n denotes the
average number of Na atoms adsorbed on the 1 x 1 unit
area. In usual deposition experiments using a gaseous
Na, pN is smaller than its bulk value, and it varies with
temperature and pressure.

The calculated formation energies are plotted as a
function of pN in Fig. 5. The bulk energy for pN is
chosen as the origin of the chemical potential. For pN( —1.14 eV, the clean p(2 x 2) structure is a stable form
of the surface. As p, N increases to —0.91 eV, the surface
structure changes to the 4 x 1 structure at 0 = 4. With
the further increase of pN to its maximum value, the

workers, who reported 0.01 A. for the very weak p(2 x 2)
structure. Such a discrepancy may result from the use
of smaller plane waves, because the use of an insufFicient
basis set was shown to lead to a more symmetric dimer
configuration; a smaller kinetic energy cutofF of 6.25
Ry was employed in their calculations. When we test the
2 x 1 geometry with the symmetric dimers, the energy is
only increased by 0.007 eV per 2 x 1 unit cell. Thus, our
results for the Na-adsorption sites basically agree with re-
cent pseudopotential calculations that used the 2 x 1 unit
cell. ' Although the HH site was reported in an earlier
pseudopotential work, more accurate calculations using
a larger plane wave basis showed the T3 site. Recently,
it was shown that the stable site is changed from the T4
site to the T3 site when the partial core corrections are
included for the Na potentials. In contrast, other clus-
ter calculations showed that the adsorption sites are the
T4 sites. However, these calculations did not fully take
into account the Na chain structure because of the small
size of the clusters.

At 0 = 1, we test various adsorption sites and find
the T3-HH sites to be lowest in energy. The adsorp-
tion energy at the T3-HH sites is higher by 0.13 eV per
2 x 1 unit cell than that for the T4-HH sites, which
is consistent with previous calculations. ' At this Na
coverage, the adsorption energy is larger by 0.12 eV than
that calculated at 0 = 2. The bond distances in the
optimized geometry of the lowest energy state are given
and compared in Table II. The asymlnetric dimers are
completely changed to the symmetric ones with the bond
length of 2.63 A. Thus, the surface structure exhibits the
2 x 1 periodicity. The bond distances between the Na and
its nearest neighbor Si atoms are calculated to be 2.96
and 3.07 A. at the HH and T3 adsorption sites, respec-
tively, and these values are in good agreement with other
calculations. ' Since the surface bands are fully occu-
pied, the 2 x 1 structure is insulating at one-monolayer
Na coverage.
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stable structure becomes the 2 x 1 phase at 0™ = 1. It
is interesting to note that the 2 x 1 or 2 x 2 structure
at 0 =

2 cannot be stable over the whole range of pN
because its formation energy is always higher than those
at 0 =

4 and 1. We also calculate the formation energies
at 0 =

&
and 0 = 2, and find that a uniform coverage of

Na over one monolayer is thermodynamically unstable.
Based on the calculated formation energies, we suggest
that the saturation coverage is one-monolayer.

Using the 2 x 2 unit cell, we examine the migration of
a Na atom over the Si surface, and the energy barriers
are plotted in Fig. 6. We choose two diferent diffusion
paths that go through low energy sites. For each posi-
tion of Na, the total energy is fully optimized by relaxing
the Si atoms and the height of the Na atom. We find
an extremely small barrier height of 0.04 eV along the
T4-T3-T4 path, while the energy barrier is 0.15 eV along
the HH-B2-T3-B2-HH path. Thus, we expect that Na
on the Si surface diffuses very easily at room tempera-
ture. As discussed earlier, because at low Na coverage
the 4 x 1 phase at 0 =

4 has a lower formation energy

vN. (e&)

FIG. 5. The formation energies are plotted as a function of
the Na chemical potential for each stable structure at cover-
ages 0 = 4y 2, & 2) and 2. The bulk value for pN~ is taken
as the origin. The most stable structure is marked by arrows
as pN increases.

than other structures calculated at 0 =
2 and 1, the Si

surface will be initiated by the 4 x 1 phase. As more Na
atoms are added, since the formation energy at 0 = 1
is lower than that for 0 = 2, additional deposited Na
atoms may not be uniformly distributed over the surface,
but they may coalesce to form locally the 2 x 1 phase of
0 = 1 coverage. Then, the surface would be composed
of a mixture of the 4 x 1 and 2 x 1 phases. With further
depositions, the surface then changes to the 2 x 1 struc-
ture at 0 = 1. For 0 ) 1, extra Na atoms reside on the
Na layer, therefore, the change of the formation energy
is mainly affected by the interactions between Na atoms.
We find that assuming the uniform deposition over one-
monolayer Na adsorbed surface the adsorption energies
at 0 =

2 and 2 are lower than the cohesive energy of
bulk Na. Thus, the layer-by-layer growth mode is not
expected, whereas under sufFiciently high pressures close
to the vapor pressure of Na, three dimensional islands
may possibly be formed for coverages over 0 = 1. These
results lead us to conclude that the saturation coverage
is one-monolayer, which agrees well with other theoreti-
cal results and experimental observations of strong 2 x 1
LEED patterns and insulating behavior of the surface
band at the saturation coverage. '

The work function (A4) is defined as the difference
between the vacuum and highest occupied levels. The
coverage dependence of the work function is plotted with
respect to the clean p(2 x 2) structure in Fig. 7, assum-
ing that the surface structure varies with Na coverage.
At 0 = 4, A4 is calculated to be —1.4 eV, which agrees
well with the measured value of —1.5 eV.7, iz, is At 0

1, we find that AC is lowered to —2.8 eV, in good
agreement with other calculated value of —2.7 eV. Ex-
periments showed that near the saturation coverage the
work function is dropped very rapidly to —3.0 eV at room
temperature, ' ' while a smooth decrease to —2.7 eV
was found for annealed samples.

0 4E

HH T3 HH

0.04 eV

1t.o
I

0.5 1.0

T4 T3 T4
Coverage(O)

FIG. 6. Energy barriers for the surface diffusion of Na on
the clean Si(100) surface.

FIG. 7. Coverage dependence of the work function. Filled
circles represent calculated values and experimental data are
marked by empty circles (Ref. 13) and diamonds (Ref. 12).
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IV. CONCLUSIONS

We have performed. the first-principles pseudopoten-
tial calculations for studying the optimized geometry of
Na adsorbed Si(100) surfaces. At quarter-monolayer Na
coverage, the most stable surface structure is found to
be the 4 x 1 structure, in which the linear Na chains
are formed by occupying the valley bridge sites together
with the missing rows between the Na chains. In this
case, the asymmetric dimers are rearranged by buckling
towards the Na chains, while the clean surface has the
p(2 x 2) periodicity with a correlated buckling along the
dimer row direction. At half-monolayer coverage, the Na
atoms occupy the valley bridge sites in the 2 x 2 unit
cell, saturating the missing rows in the 4 x 1 structure
at 0 =

4 and reducing the degree of buckling. Although
the Si dimers exhibit the same p(2 x 2) periodicity as
the clean surface, the energy difference between the 2 x 2

and 2 x 1 structures is extremely small. At one-monolayer
coverage, the pedestal and valley bridge sites are occu-
pied by the Na atoms, and all the asymmetric dimers are
changed into the symmetric ones, giving a 2 x 1 relax-
ation. From the calculated formation energies at difFer-
ent coverages, we suggest that the saturation coverage is
one monolayer. Our calculations indicate that the clean
Si surface changes to the 4 x 1 structure as Na coverage
increases, then, to the 2 x 1 pattern at the saturation cov-
erage. In this case, the 2 x 2 structure at intermediate
coverages does not appear because its formation energy
is relatively higher.
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