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Atomic and electronic structure of Li-adsorbed Si„100… surfaces
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We investigate the atomic and electronic structure of Li-adsorbed Si~100! surfaces through first-principles
pseudopotential calculations. We find that Li adatoms interact mainly with the dangling-bond orbitals of Si
dimers, however, no hydrogenlike directional bonds exist between the Li and substrate Si atoms, based on
calculated scanning tunneling microscopy images. The analysis of charge densities demonstrates a large charge
transfer from the Li adatom to a dangling-bond orbital of a Si dimer, which is responsible for a large decrease
of work function at submonolayer coverages. The Li atoms form linear chains either by occupying the inter-
dimer bridge sites along the dimer row direction or the dimer bridge and cave sites perpendicular to the dimer
row. As Li coverage~Q! increases, repulsive interactions between the adatoms in the chains are also found to
increase. Thus, at 1-ML Li coverage, the stable adsorptions sites are changed to either the cave and pedestal
sites or the valley-bridge and pedestal sites, with all the Si dimers symmetric, resulting in a 231 structure.
From the calculated formation energies, we find a 131 phase to be thermodynamically stable atQ52, in
contrast to other alkali-metal adsorptions.@S0163-1829~97!09739-7#
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I. INTRODUCTION

Alkali-metal adsorption on Si~100! surfaces has bee
studied intensively over the last decades because of its t
nological and scientific interests.1 Although in early days Le-
vine proposed that alkali-metal atoms on the Si~100! surface
reside on the pedestal sites~see Fig. 1!,2 there is still some
controversy as to the adsorption sites, the bonding chara
between alkali-metal and substrate Si atoms, and the sa
tion coverage.3–10 Later, a double-layer model, where alka
metal atoms occupy the pedestal and valley-bridge site
the saturation coverage, was suggested for both Na- an
adsorbed Si~100! systems,3 and this model was supported b
several first-principles pseudopotential calculations.11–13 On
the other hand, Mangatet al. reported a different single sit
model for the Na/Si~100! system,14 in which alkali-metal at-
oms occupy the cave sites.

The structural models for Li-adsorption are quite differe
from those for other alkali metals. For Na, K, and Cs adso
tions, the 231 reconstruction of a clean Si~100! surface was
shown to be recovered at the saturation coverage,6–9,14while
an 131 low energy electron diffraction~LEED! pattern was
found for Li-adsorbed Si~100! surfaces.8 Some experiments
exhibited Li-induced 232 phases at submonolayer cove
ages with a complex series of the LEED patterns before
131 phase is developed.15,16 A scanning tunneling micros
copy ~STM! study with a small amount of Li atoms on th
Si~100! surface showed a bright spot on top of the Si dim
row, and suggested that Li adatoms reside on top of th
dimer atoms, forming hydrogenlike covalent bonds and s
bilizing asymmetric dimerization.5 In core-level spectros
copy measurements, only one core level associated with
Li 1s state was observed up to 1-ML coverage, sugges
weak Li-Li interactions and Li adsorption at equivale
sites.15 Based on STM and core-level spectroscopy stud
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the adsorption geometry at 1-ML coverage was propose
resemble the monohydride structure.15 However, previous
pseudopotential calculations at 1-ML coverage reported
high-symmetry adsorption sites, which are inequivale
similar to other alkali metals.17 At present, no clear explana
tion about this discrepancy has been given, and a comp
picture for the adsorption site and the bonding nature at
ferent adsorption coverages is needed.

In this work we perform first-principles pseudopotent
calculations for the equilibrium structures and electro
properties of Li-adsorbed Si~100! surfaces at various cover
ages, with thep(232) structure chosen as a Si~100! sub-
strate. From the calculated STM images for a single Li a
tom, we find that the Li adatoms donate their electrons to
dangling bond orbitals of the substrate Si dimers, similar
other alkali metals, while, at low Li coverages, Li atom
favor lower symmetry sites such as the interdimer brid
sites. The charge transfer from the Li adatoms to the
dimers results in the symmetrization of the substrate
dimers, and induces large decreases in the work functio
submonolayer coverages. As the Li coverage increase

FIG. 1. A top view of the Si(100)2p(232) structure. The
pedestal, valley bridge, cave, interdimer bridge, dimer bridge,
hydrogen adsorption sites are denoted by HH,T3, T4, B2, HB, and
TD, respectively.
9575 © 1997 The American Physical Society
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1-ML, repulsive interactions increase between the lin
chains formed by the Li atoms at the interdimer-bridge sit
and the surface states that are originated from the Si dang
bonds are completely filled by the Li electrons, which tend
occupy more high-symmetry sites. The thermodynamic
bility of various Li-induced surface phases is discussed
comparing their formation energies, and the calculated w
functions are compared with experiments at different Li co
erages.

II. CALCULATIONAL METHOD

The total-energy calculations are performed using a fi
principles pseudopotential method within the local-dens
functional approximation.18,19Norm-conserving soft pseudo
potentials are generated by the scheme of Troullier
Martins,20 and transformed into the separable form of Kle
man and Bylander.21 The Wigner interpolation formula is
used for the exchange and correlation potential.22 The partial
core correction scheme proposed by Louie, Freyen,
Cohen23 is employed for the Li potential. The lattice consta
of bulk Li in a body-centered-cubic structure is calculated
be 3.403 Å with the core correction, as compared to
measured value of 3.491 Å. The wave functions are
panded in a plane-wave basis set with a kinetic-energy cu
of 10 Ry and eightk points in the irreducible sector of th
232 surface Brillouin zone are used for the Brillouin-zo
summation of the charge density. Surfaces are modeled
repeated slab geometry consisting of ten Si layers an
vacuum region with a thickness of eight Si layers inser
between the Si slabs. The Li adatoms are adsorbed on
the surfaces of the Si slab. To obtain the equilibrium co
figuration, all the ions except for two Si layers centered
the bulk region are relaxed via the conjugate gradient met
until the magnitudes of the Hellmann-Feynman forces24 are
less than 3.0 m Ry/aB , whereaB is the Bohr radius. For
band-structure calculations, we employ six-layer slab geo
etry with one surface passivated by hydrogen.

III. RESULTS AND DISCUSSION

As a starting configuration of the Si~100! substrate, we
choose thep(232) structure where dimers are buckled a
ternatively along the dimer row direction, as shown in Fig.
The surface energy of the cleanp(232) structure was found
to be lower by 0.1 eV/dimer than that of the 231 asymmet-
ric dimer structure.13 To find plausible adsorption sites of L
on thep(232) surface, we calculate the adsorption ene
(Ead) per Li atom, which is defined as

Ead52~ESi1Li2ESi2nELi
a !/n, ~1!

whereESi andESi1Li are the total energies of the clean a
Li-adsorbed Si~100! surfaces, respectively.ELi

a is the total
energy of a spin-polarized free Li atom, andn denotes the
number of Li atoms adsorbed on the surface. The calcula
adsorption energies and optimized geometries at 1/4-, 1
1-, and 2-ML Li coverages~Q5 1

4 , 1
2, 1, and 2! are listed in

Tables I and II, respectively, for various adsorption sites
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A. Stable site and STM images for a single Li adatom

Based on STM studies on the Si surface covered b
small amount of Li atoms,5 the Li atoms were suggested t
form hydrogenlike directional bonds with the Si atoms, r
siding on top of the Si dimer, which is denoted by TD in Fi
1. This adsorption site is quite different from the results
first-principles calculations.17 Since all the previous calcula
tions were done at relatively higher coverages, the discr
ancy between theory and experiment might be caused by
fact that the adsorption sites depend on Li coverage. Here
first investigate the adsorption site of a single Li adato
using a supercell with ac(434) lateral periodicity. Al-
though a single H atom favors the TD site, the stable adso
tion sites for a single Li atom are found to be the interdim
bridge (B2) and cave (T4) sites, which have nearly th
same energies, while the TD site is highly unfavorable w
the energy higher by 0.35 eV/atom.

To search for a possible origin of the discrepancy betw
the STM study and our pseudopotential calculations,
simulate STM images for the Li adatom on the surface. F
ure 2 shows the calculated STM images in a constant-cur
mode for various adsorption sites, with the bias voltages
71.5 V for the filled- and empty-state images, respective
When the tip is away from Li, bright spots only appe
around the up dimer atoms because of the charge tran
from the down atom to the up atom in the asymmetric dim
From the filled-state STM images, we find several import
features; when the Li atom is located at high-symmetry s
such asT4 andT3, there are no bright images around t
adatom position, disabling the probe of the Li adatom
these positions@see Fig. 2~b!#, while, at theB2 site, a bright
spot is found at a position slightly off the Li-neighboring S
dimer, which is clearly distinguishable from the Si dim

TABLE I. Calculated adsorption energies~Ead in eV! for vari-
ous adsorption sites~see Fig. 1! at Q5

1
4 , 1

2 , 1, and 2 are compared

Q Adsorption sites Ead

232 231 131

1
4 B2 2.48

HH 2.42
T4 2.35
T3 2.20
TD 1.80

1
2 B2-B2 ~along the dimer row! 2.49

T4-HB ~perpendicular to the dimer row! 2.44
T4-T4 2.33
HH-HH 2.29
T3-T3 2.24

1 T4-HH 2.55
T3-HH 2.54
B2-B2 2.45
T4-HB 2.35

2 T4-HB ~first-deposited layer!
T3-HH ~topmost layer! 2.16

T4-HH ~first-deposited layer!
T3-HB ~topmost layer! 2.09
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TABLE II. Calculated Si-Si (dSi-Si) and Li-Si (dLi-Si) bond distances~in units of Å! are given for different
geometries at various Li coverages. The amount of buckling of the Si dimer is given in parentheses.

Q Adsorption site dSi-Si dLi-Si

0 2.36~0.65!
1
4 B2 2.35~0.46! 2.51

HH 2.36 ~0.79! 2.58 2.90
T4 2.34~0.67!, 2.40 ~0.36! 2.60 2.70
T3 2.37~0.61!, 2.38 ~0.60! 3.10 3.59

1
2 B2-B2 2.38~0.56!, 2.48 ~0.18! 2.48 2.55

T4-HB 2.52~0.00!, 2.32 ~0.63! 2.47 ~HB! 2.62 (T4)
T4-T4 2.38~0.00! 2.66 2.66
T3-T3 2.45~0.03! 3.39 3.39
HH-HH 2.42 ~0.35! 2.61 2.70

1 T4-HH 2.57~0.00! 2.66 (T4) 2.62~HH!

T3-HH 2.74~0.00! 3.17 (T3) 2.67~HH!

B2-B2 2.48~0.00! 2.51

2 T4-HB 2.47~T4, HB! 2.72 ~T4, HB!

T3-HH 2.80~T3, HH! 2.80 ~T3, HH!

T4-HH 2.48, 2.70 (T4) 2.47, 2.64~HH!

T3-HB 2.89 (T3) 2.53~HB!
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images@see Fig. 2~a!#. Since the size of the Li atom is sma
and theT4 andT3 sites are located at nearly the same hei
as the surface layer, a very small accumulation of char
around the Li adatom makes it difficult to obtain clear im
ages from this atom. On the other hand, the filled-state im
at the TD site is found to be similar to experimentally me
sured one,5 as shown in Fig. 2~c!; however, it should be
pointed out that the energy of the TD site is much high
than for theB2 site. Thus we expect that the measured ST
image is related to the Li atom at theB2 site. For H adsorp-
tion, the STM image was shown to be very dark around
H atom, and this feature was attributed to the strong cova
bond between the H and Si atoms, which pulls down
dangling-bond state into the bulk band. However, in the c
of Li adsorption, we do not see such hydrogenlike directio
bonds between the Li and substrate Si atoms. Even if th
atom occupies the TD site, a relatively brighter spot is
cated around the Li atom, which indicates a weak bond
tween the Li and Si atoms. The empty-state image at theB2
site is found to bes like, as shown in Fig. 2~d!, and the
brightest position is located right above the Li adatom, a
this feature clearly demonstrates that a charge transfer oc
from the Li adatom to the Si dimers. Thus our results sugg
that it is more appropriate to use an empty-state probe
identifying the adsorption position of Li.

In the very low-coverage regime, the adatom geometry
Li may be constrained by the arrangement of the subst
asymmetric Si dimers. Here we test otherc(432) structure
within a p(432) supercell, which has similar surface ener
to that of thep(232) substrate structure. We find that th
ionized Li atom at theT4 site interacts strongly with two
neighboring up Si atoms of the substrate; thus theT4 site
adsorption is more stable by 0.15 eV than theB2 site ad-
sorption. In this case, however, the STM images for both
T4 andB2 site adsorptions are very similar to those obtain
from the p(232) substrate geometry. The filled-state im
t
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ages at theT4 site are found to be indistinguishable fro
those of the Si dimers; thus theT4 site adsorption cannot b
resolved by the STM images. For theB2 site adsorption,
both the filled- and empty-states exhibit similar images
those found for thep(232) substrate, with the rearrange
ment of the asymmetric Si dimer images.

B. Q5 1
4

For Q51/4, one Li atom is adsorbed on the 232 surface
unit cell, and since adatom-adatom interactions are ne
gible, the stable adsorption site is mainly determined by
teractions between the adatom and substrate Si dim
Among various adsorption sites considered here, theB2 site
is found to be most stable, as shown in Table I. The o
mized geometry and the charge densities of the filled
empty states, which are derived by summing the eigenst
lying between the Fermi levelEF andEF61.5 eV, are plot-
ted and compared with those for the cleanp(232) structure
in Fig. 3. The Li atom at theB2 site is located at a distanc
of 2.51 Å from two neighboring dimer atoms, and 2.85
from a second-layer Si atom. The buckling of the two
dimers within the unit cell is oriented toward the Li adatom
as shown in Fig. 3~c!. The substrate Si dimers are asymm
ric with a bond length of 2.35 Å, and the height differen
between the up and down Si atoms is reduced to 0.46
while the corresponding values were calculated to be 2
and 0.65 Å, respectively, on the clean Si(100)2p(232)
surface.13 For otherT3 and T4 positions, their adsorption
sites are far from the neighboring Si dimers; thus the bo
length and the buckling of the Si dimers are not mu
changed, as described in Table II.

In Figs. 3~a! and 3~b!, the charge densities of the occupie
and unoccupied states on the cleanp(232) surface, which
originate from the two dangling bonds of the Si dimer, a
well localized around the up and down Si atoms, resp
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tively. For theB2 site adsorption, the occupied state exhib
a pile of charge densities around the up Si atom with so
additional accumulation around the down Si atom@see Fig.
3~c!#. Furthermore, the charge densities are well localiz
above the Si dimer, atoms, and no appreciable charges
found in the Li-Si bonds, as shown in Fig. 3~d!. Thus, the
main charge transfer occurs from the Li atom to the

FIG. 2. Calculated constant-current mode STM images
drawn with the bias voltages of71.5 V for the filled and empty
states, respectively. We show filled-state images for the Li a
adsorbed at~a! the B2, ~b! T4, and~c! TD sites, and~d! an empty-
state image for the Li atom at theB2 site.

FIG. 3. Optimized geometries and charge density conto
which are obtained by summing the eigenstates lying betweenEF

and EF61.5 eV. On the cleanp(232) surface, the charge dens
ties of ~a! the occupied and~b! unoccupied levels are drawn on
vertical plane containing a Si dimer. For the 232 structure with
one Li atom at theB2 site (Q5

1
4 ), the charge densities of th

occupied surface states are plotted~c! on a vertical plane containing
a Si dimer and~d! on a parallel plane lying between the Li atom a
its nearest Si atom.
s
e

d
are

i

dimers, with a partial charge transfer into the down Si at
of the dimer. In this case, because of the more charge a
mulation around the up Si atoms, the asymmetric configu
tion of the dimers is still significant and the buckling is d
rected toward the Li adatom.

C. Q5 1
2

For Q5 1
2 , two Li atoms are adsorbed on the 232 surface

unit cell. When both the Li atoms occupyB2 sites, we
choose the optimized geometry of one Li atom adsorbed
theB2 site atQ5 1

4 as an initial structure, and then place th
other Li atom at one of other equivalentB2 sites. In this
case, a linear alignment of the Li atoms along the dimer r
direction is lower in energy by about 0.2 eV than a zigz
combination of theB2 sites or an alignment of Li perpen
dicular to the dimer rows. This linear geometry is more
vorable by 0.05 eV than a linear chain formed by occupy
the HB andT4 sites perpendicular to the dimer row. In pr
vious calculations, Na and K, which have larger ionic rad
were shown to reside at theT3 sites atQ5 1

2 .11–13 In the
case of Li, however, theT3 sites are found to be least stab
among the high-symmetry sites considered here, becaus
the small size of the Li atom. The energies of theT4-T4 and
T3-T3 site adsorptions are calculated to be higher by 0
and 0.25 eV, respectively, as compared to the stableB2-B2
site adsorption, and both the geometries show a 231 pattern
with symmetrized Si dimers.

For the stableB2-B2 site adsorption, the optimized ge
ometry and the charge densities are plotted in Figs. 4~a!–
4~c!, and the electronic band structure is drawn in Fig. 5~a!.
The bond lengths between the Li atoms and their neighb
ing dimers are estimated to be 2.48 and 2.55 Å, and th
values are smaller than for other adsorption sites, as sh
in Table II. In this geometry, the two Si dimers within th
unit cell have different relaxations; one dimer@see Fig. 4~a!#,
which has a dimer-bond length of 2.48 Å, is nearly symm
ric with a small height difference of 0.18 Å between th
dimer atoms, while the other asymmetric dimer@see Fig.

e

m

s,

FIG. 4. Optimized geometries and charge densities of the st
lying betweenEF andEF – 1.5 eV for~a!–~c! the 232 surface with
the two Li atoms at theB2 sites (Q5

1
2 ) and ~d! and ~e! the 231

structure with the two Li adatoms at theT4 and HH sites~Q51!.
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4~b!# has a shorter dimer-bond length of 2.38 Å and a hei
difference of 0.56 Å. Because of the different relaxations,
two dimers exhibit very different charge distributions for t
filled state, as shown in Figs. 4~a! and 4~b!. The surface band
structure in Fig. 5~a! shows that the optimized 232 structure
is insulating, with a gap energy of 0.31 eV. The surfa
bandsS1 and S1* , which are derived from the nearly sym
metric dimer, are fully occupied by two electrons from the
adatoms, while for the asymmetric dimer only one surfa
bandS2 originated from the up Si atom is fully occupied.

The linear chain alignment of Li along the dimer ro
direction is very similar to the 431 structure which was
found to be the stable geometry of Na-adsorbed Si~100! sur-
face atQ5 1

4.
13 In this case, the ionized Li atoms are su

rounded by the negatively charged up atoms of the
dimers; thus attractive interactions between the Li and
atoms are more effective. For theT4-HB site adsorption, the
Li atoms are aligned along the direction perpendicular to
dimer row, with a separation of 7.68 Å between the linear
chains, and this structure has charge distributions simila
those of theB2-B2 site adsorption, resulting in similar ad
sorption energy. When both the Li atoms are located at
T4 sites, the bond distance between the Li and Si atom
2.66 Å, close to that for theB2 sites; however, the adatom
interact less effectively with the Si dangling bond orbitals
pz shape, because the height of the Li atoms is higher o

FIG. 5. The electronic band structures along symmetry dir
tions in the surface Brillouin zone for~a! the 232 structure with
the Li atoms at theB2 sites (Q5

1
2 ), ~b! the 231 structure with the

Li atoms at theT4 and HH sites (Q51).
t
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e
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e
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to

e
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by 0.2 Å than that of the Si dimers. On the other hand, at
T3 sites, the Li-Si bond distance of 3.39 Å is too large f
the Li atoms to interact effectively with the dimer atoms.
previous calculations using a 231 unit cell,17 the B2 site
was reported to be most stable. However, since a 231 peri-
odicity is imposed, we find that each dangling-bond orbita
half-filled, and the total energy is increased by 0.14 eV
232 area. The tendency of dangling bond orbitals to
empty or completely filled, so called the negative-U behav-
ior, frequently involves lattice relaxation. In our case, the f
occupation of the dangling bond orbital is found to be a
companied by an upward relaxation of the down atom of
sandwiched dimer, leading to the effective electron-elect
interaction of U520.14 eV. Similar negative-U behavior
upon alkali-metal adsorption was also reported for a N
adsorbed GaAs~110! surface.25

D. Q51

For all the combinations of adsorption sites listed in Ta
I, the optimized geometries are found to form the 231 struc-
ture with symmetric dimers. At the coverage ofQ51, the Li
atoms are found to reside on theT4 and HH sites rather than
on theB2 sites. However, the energy difference between
T4-HH andT3-HH site adsorptions is extremely small, 0.0
eV per 231 unit cell. For Li adsorption either at theT4-HH
or T3-HH sites, the Li atoms are well separated from ea
other, and the dangling-bond orbitals of the Si dimers
fully occupied. When all the Li atoms occupy theB2 sites,
since repulsive interactions between the neighboring
chains along the dimer rows are increased, its adsorp
energy is reduced, as compared to the cases ofQ5 1

4 and 1
2.

In the optimized geometry of theT4-HH site adsorption,
the charge densities and the electronic band structure
drawn in Figs. 4~d!, 4~e!, and 5~b!, respectively. In this case
attractive interactions are very effective between the ioni
Li atoms and the surrounding charged dimers. The Li
bond lengths are calculated to be 2.66 and 2.62 Å for the
atoms adsorbed at theT4 and HH sites, respectively, and th
dimer bond is 2.57 Å, while the Li-Si distances for the
atoms at theT3 and HH sites are 3.17 and 2.67 Å, respe
tively, and the Si dimer is much elongated with a bo
length of 2.74 Å. The 1-ML Li-covered surface is found
be insulating because all the surface bands,S andS* in Fig.
5~b!, are completely filled. The two occupied statesS andS*
exhibit ppp2 and ppp* -like characters, respectively, an
the dimer atoms have ap3-like bonding configuration, simi-
lar to group-V ad dimers on Si~100! surfaces. As the Li
coverage increases toQ51, the surface bands shift to lowe
energies, similar to other alkali metals,12 and their splitting is
reduced because of the charge transfer from the Li atom
the Si dimer, which induces the symmetrization of t
dimers.

E. Q52

At Q52, the surface structure is quite different fro
those for other alkali metals. For Na and K adsorptions,
first-monolayer adatoms deposited on the clean Si~100! sur-
face reside on top of the Si layer, and the second depos

-
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layer does not interact directly with the Si atoms.17 Conse-
quently, the substrate keeps a dimerized structure, and
topmost layer over the first deposited alkali metals w
shown to be thermodynamically unstable.13 However, in the
case of Li, the first-monolayer Li atoms are positioned de
into the bulk region with nearly the same height as that of
second Si layer of the substrate because of their small ato
size; thus the topmost Li atoms interact directly with the
dimer atoms. Eventually, all the Si dimer bonds are brok
and a stable 131 phase appears. For this coverage, we m
speculate a phase shown in Fig. 6, where both the Li an
atoms are arranged in a 131 structure. We find that this
phase is more stable by 0.14 eV per 131 unit cell than the
previously proposed 231 structure, in which only the S
atoms are arranged in the 131 unit cell, while the Li atoms
form a 231 structure.17

F. Core-level shifts

Here we investigate the surface core-level shift using
final state theory of Pehlke and Scheffler.32 For the clean
p(232) surface, the shifts of the Si 2d core levels relative
to the bulk atoms are calculated to be20.49 eV for the up
dimer atom,20.16 eV for the down dimer atom, and 0.0
eV for the second-layer Si atoms, consistent with previo
calculations.26 The observation of a single peak in the
core-level spectra supports equivalent adsorption sites u
Q51.15 As discussed earlier, our calculations show that
Li atoms reside on two inequivalent adsorption sites atQ
51, i.e., either theT4-HH or T3-HH sites. However, we
point out that there is a possibility of theB2-B2 site adsorp-
tion, because theB2 sites are most favorable at relative
low Li coverages. If the Li atoms reside initially onB2 sites
at room temperature, which are metastable atQ51, thermal
annealing of the sample will change the adsorption site
theT4-HH or T3-HH sites. For theT4-HH site adsorption a
Q51, the core level of Li at the HH site relative to that
the T4 site is calculated to be shifted by 0.14 eV to low
energies.

The core-level shift from the up atom on the clean surfa
was observed to decrease from20.50 eV on the clean sur
face to20.37 eV forQ51, as measured from the bulk pea
doubling its intensity.15 The change of the core-level shi
spectra by Li adsorption can be explained as follows. Ad
tional Li potentials added at the surface would increase
binding energy of the core electrons, while the charge tra
fer from Li to Si would decrease the binding energy. In a
dition, the final-state screening effect on the core hole25

FIG. 6. The optimized geometry for the 131 phase atQ52.
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tends to lower the shift to the lower-binding-energy sid
Because the up atom already has a full electron occupa
on the clean surface, further charge transfer to the up a
does not occur. The screening effect on a core hole in the
atom is not significantly enhanced by Li adsorption beca
there are no empty states localized on the up atom in
band-gap region.31 Thus, the position of the core-level shi
for the up atom moves to the higher-binding-energy s
with increasing Li coverage. The charge transfer from Li
the down atom induces the upward relaxation of the do
atom, and the core-level shift of the down atom fina
merges with that of the up atom, resulting in the intens
doubling atQ51.

G. Formation energy and stability

The stability of surface structure is examined by calcul
ing the surface formation energy (V f),

27

V f5ESi1Li2mmSi2nmLi , ~2!

wheremSi is the total energy of bulk Si, andn denotes the
average number of the Li atoms adsorbed on the 131 sur-
face area. In usual experiments, the Li chemical poten
(mLi) is below its bulk value at absolute zero temperature28

The calculated formation energies are plotted as a functio
mLi in Fig. 7, with the bulk energymLi as the origin. As the
Li chemical potential increases, the surface structure chan
from the clean Si(100)-p(232) phase to the 231 phase of
Q51, then, to the 131 phase ofQ52. The surface struc-
ture maintains thep(232) periodicity of the clean Si sur
face up tomLi,20.94 eV. AsmLi increases to20.31 eV,
the Li-adsorbed surface exhibits a 231 phase atQ51. With
further deposition of Li, the surface structure becomes a 131

FIG. 7. The formation energies are plotted as a function of
Li chemical potential for each stable structure at coveragesQ5

1
4,

1
2,

1, and 2. The bulk value formLi is taken as the origin. The mos
stable structure is marked by arrows asmLi increases.
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phase atQ52. Thus the saturation coverage for the dim
ized 231 surface corresponds toQ51. This structural se-
quence agrees well with experiments.8 In previous studies for
Na adsorption,13 the saturation coverage was found to beQ
51 with a 231 phase. For Li adsorption, however, add
tionally deposited Li atoms over a 1-ML covered surfa
break the dimers, because of the small size of the Li at
thus the interactions of Li with the broken dimers reduce
formation energy and stablize the 131 structure.

H. Work-function change

The change of work function (DW) induced by Li adsorp-
tion is calculated and compared with experiments. The w
function is defined as the energy difference between
vacuum level and the highest occupied state, which is de
mined by comparing the valence-band maximum~VBM !
level in the bulk region with the occupied surface states
bulk calculations, we first estimate the position of the VB
relative to the macroscopically averaged electrostatic po
tial, which is the sum of ionic and Hartree potentials. Th
the positions of the highest occupied surface state and
vacuum level are obtained through supercell calculations
surfaces, with respect to the averaged electrostatic pote
in the bulklike region. Then, we choose a higher level amo
the VBM and surface states to compare it with the vacu
level.

The calculated work-function changes are drawn for d
ferent Li coverages in Fig. 8. The overall behavior of t
work function agrees well with experiments.8,15,16Some ex-
periments reported that a Li-induced 232 phase appears a
DW reaches about21.5 eV.15,16 Since the formation energ
difference between the 232 structures found forQ5 1

4 and 1
2

is very small nearmLi520.94 eV, the observed 232 struc-
ture may correspond to that of eitherQ51/4 or 1/2. We find
that the 232 phase with the Li atoms adsorbed at theB2
sites atQ51/4 hasDW521.5 eV, in good agreement wit
experiments,15,16 while the 232 structures considered fo
Q5 1

2 give DW521.9 and 22.2 eV for the B2-B2 and
T4-HB site adsorptions, respectively. The decrease ofDW at
Q5 1

2 mainly results from the depolarized field induced
ionized Li atoms. This depolarization effect becomes m

FIG. 8. Work-function change as a function of Li coverag
Filled circles represent our calculated values.
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significant, if the Li atoms are adsorbed at the HB, HH,
B2 site, the height of which is relatively higher from th
surface. AtQ51, DW is estimated to be21.8 eV, while the
value ofDW at Q52 is 22.2 eV for the 131 structure, in
good agreement with experimental values of21.8 eV atQ
51 and22.35 eV at the saturation coverage.8,15,16

The surface dipole moment density (D) satisfies the rela-
tion

4pD5Vvac2Vbulk , ~3!

where Vvac and Vbulk represent the average values of t
electrostatic potentials in the vacuum and bulk regio
respectively, of the supercell. AsQ increases up to 1
D decreases rapidly due to the Li-induced dipole mome
which have the opposite direction to those on the clean
face. The change ofD from the value on the clean surfac
(DD) are calculated to be20.22eaB , 20.29eaB , and
20.28eaB/~131! at Q5 1

4,
1
2, and 1, respectively. The corre

sponding values per Li adatom are20.88eaB , 20.58eaB ,
and 20.28eaB , respectively, indicating that the charg
transfer from the Li atoms to the substrate becomes less
nificant with increasing ofQ. The work function change is
affected by both the changes of the dipole layer and
surface band structure by Li adsorption. However, except
the metallic phases atQ5 1

4 and 2, the highest occupied sta
is associated with the bulk VBM; thus the work-functio
change is dominated by the change of the dipole layer at
surface.DD at Q52 is found to be20.23eaB /(131) ~
20.12eaB per Li atom!, which is larger by 0.05eaB /(1
31) than that ofQ51. At Q52, however, there is a sig
nificant change of the surface structure from those at s
monolayer coverages, and the highest occupied state is a
ciated with the broken dimers, which is located much clo
to the vacuum level; thus the work function decreases
ther.

IV. CONCLUSIONS

In conclusion, we have studied the stable geometries
Li-adsorbed Si~100! surfaces through first-principles pseud
potential calculations. Although the Li atoms interact main
with the dangling-bond orbitals of the substrate dimers,
directional bonds between the Li and Si atoms are found
Q5 1

4, the interdimer bridge site is found to be most stab
and the analysis of charge densities indicates that the ch
transfer occurs from the Li atom to the dangling bonds of
dimers. AtQ5 1

2, the Li atoms which occupy the interdime
bridge sites form linear chains along the dimer row directio
In this case, two Si dimers within the 232 unit cell show
different relaxations; one is nearly symmetric, while t
other is asymmetric, resulting in an insulating 232 struc-
ture. At Q51, all the Si dimers are found to be symmetr
and a 231 structure is formed with the Li atoms at th
pedestal and cave sites, while the substrate dimerizatio
completely removed atQ52.
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