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Atomic and electronic structure of Li-adsorbed S(100) surfaces
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We investigate the atomic and electronic structure of Li-adsorb&D@isurfaces 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 coverag€g®) 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, resultingXri ssttucture.

From the calculated formation energies, we find a1l phase to be thermodynamically stable@Gat2, in
contrast to other alkali-metal adsorptiohS$0163-182€07)09739-1

[. INTRODUCTION the adsorption geometry at 1-ML coverage was proposed to
resemble the monohydride structdfeHowever, previous

Alkali-metal adsorption on $100 surfaces has been pseudopotential calculations at 1-ML coverage reported two
studied intensively over the last decades because of its techigh-symmetry adsorption sites, which are inequivalent,
nological and scientific interestsAlthough in early days Le-  Similar to other alkali metal$’ At present, no clear explana-
vine proposed that alkali-metal atoms on thél80) surface  tion about this discrepancy has been given, and a complete
reside on the pedestal sitésee Fig. 1,2 there is still some Ppicture for the adsorption site and the bonding nature at dif-
controversy as to the adsorption sites, the bonding characté@rent adsorption coverages is needed.
between alkali-metal and substrate Si atoms, and the satura- In this work we perform first-principles pseudopotential
tion Coveragé__lo Later, a doub|e-|ayer modeL where alkali- calculations for the equilibrium structures and electronic
metal atoms occupy the pedestal and valley-bridge sites &@roperties of Li-adsorbed &i00) surfaces at various cover-
the saturation coverage, was suggested for both Na- and 1ages, with thep(2x2) structure chosen as a(800 sub-
adsorbed $100 systems and this model was supported by strate. From the calculated STM images for a single Li ada-
several first-principles pseudopotential calculatibnd®on ~ tom, we find that the Li adatoms donate their electrons to the
the other hand, Mangat al. reported a different single site dangling bond orbitals of the substrate Si dimers, similar to
model for the Na/31L00) system:*in which alkali-metal at- Other alkali metals, while, at low Li coverages, Li atoms
oms occupy the cave sites. favor lower symmetry sites such as the interdimer bridge

The structural models for Li-adsorption are quite differentsites. The charge transfer from the Li adatoms to the Si
from those for other alkali metals. For Na, K, and Cs adsorpdimers results in the symmetrization of the substrate Si
tions, the 2x 1 reconstruction of a clean (300) surface was dimers, and induces large decreases in the work function at
shown to be recovered at the saturation covefag&'while ~ submonolayer coverages. As the Li coverage increases to
an 1x1 low energy electron diffractiofLEED) pattern was
found for Li-adsorbed $100) surface$ Some experiments
exhibited Li-induced X2 phases at submonolayer cover-
ages with a complex series of the LEED patterns before the
1x1 phase is developéd!® A scanning tunneling micros-
copy (STM) study with a small amount of Li atoms on the
Si(100 surface showed a bright spot on top of the Si dimer
row, and suggested that Li adatoms reside on top of the Si
dimer atoms, forming hydrogenlike covalent bonds and sta-
bilizing asymmetric dimerizatioh.In core-level spectros-
copy measurements, only one core level associated with the FiG. 1. A top view of the Si(100} p(2x2) structure. The
Li 1s state was observed up to 1-ML coverage, suggestingedestal, valley bridge, cave, interdimer bridge, dimer bridge, and
weak Li-Li interactions and Li adsorption at equivalent hydrogen adsorption sites are denoted by AB, T4, B2, HB, and
sites'® Based on STM and core-level spectroscopy studiesTD, respectively.
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1-ML, repulsive interactions increase between the linear TABLE I. Calculated adsorption energi¢g,q in eV) for vari-
chains formed by the Li atoms at the interdimer-bridge sitespus adsorption sitesee Fig. 1 at® = 7. 3, 1, and 2 are compared.
and the surface states that are originated from the Si danglirg
bonds are completely filled by the Li electrons, which tend to© Adsorption sites Ead
occupy more high-symmetry sites. The thermodynamic sta- 2x2 2X1 1IX1
bility of various Li-induced surface phases is discussed by

comparing their formation energies, and the calculated work Ef' 5'22
functions are compared with experiments at different Li cov- :
T4 2.35
erages.
T3 2.20
TD 1.80

Il. CALCULATIONAL METHOD

NI

B2-B2 (along the dimer royw 2.49
The total-energy calculations are performed using a first-  T4-HB (perpendicular to the dimer rgw2.44

principles pseudopotential method within the local-density- T4-T4 2.33
functional approximatiod®*® Norm-conserving soft pseudo- HH-HH 2.29
potentials are generated by the scheme of Troullier and T3-T3 2.24
Martins?° and transformed into the separable form of Klein- T4-HH 255
man and Bylandef The Wigner interpolation formula is i '
used for the exchange and correlation potertidlhe partial T3-HH 2.54
core correction scheme proposed by Louie, Freyen, and B2-B2 245
Cohert®is employed for the Li potential. The lattice constant T4-HB 2.35
of bulk Li in a body-centered-cubic structure is calculated top T4-HB (first-deposited laygr

be 3.403 A with the core correction, as compared to the T3-HH (topmost layer 216
measured value of 3.491 A. The wave functions are ex- T4-HH (first-deposited layer

panded in a plane-wave basis set with a kinetic-energy cutoff T3-HB (topmost layer 209

of 10 Ry and eighk points in the irreducible sector of the
2% 2 surface Brillouin zone are used for the Brillouin-zone
summation of the charge dens!ty: Surfaces are modeled by a Stable site and STM images for a single Li adatom
repeated slab geometry consisting of ten Si layers and a

vacuum region with a thickness of eight Si layers inserted Based on STM studies on the Si surface covered by a
between the Si slabs. The Li adatoms are adsorbed on boginall amount of Li atoms the Li atoms were suggested to
the surfaces of the Si slab. To obtain the equilibrium conform hydrogenlike directional bonds with the Si atoms, re-
figuration, all the ions except for two Si layers centered insiding on top of the Si dimer, which is denoted by TD in Fig.
the bulk region are relaxed via the conjugate gradient method- This adsorption site is quite different from the results of
until the magnitudes of the Hellmann-Feynman foféese first-principles calculation’ Since all the previous calcula-
less than 3.0 m Rgk, whereag is the Bohr radius. For tions were done at relatively higher coverages, the discrep-

band-structure calculations, we employ six-layer slab geomancy between theory and experiment might be caused by the
etry with one surface passivated by hydrogen. fact that the adsorption sites depend on Li coverage. Here we

first investigate the adsorption site of a single Li adatom,
using a supercell with a&(4Xx4) lateral periodicity. Al-
Ill. RESULTS AND DISCUSSION though a single H atom favors the TD site, the stable adsorp-
i i ) tion sites for a single Li atom are found to be the interdimer
As a starting configuration of the (@00 substrate, we bridge B2) and cave T4) sites, which have nearly the

choose thep(2x2) structure where dimers are buckled al- g5 me energies, while the TD site is highly unfavorable with
ternatively along the dimer row direction, as shown in Fig. 1.ihq energy higher by 0.35 eV/atom.

The surface energy of the clea(2x 2) structure was found 14 search for a possible origin of the discrepancy between
to be lower by 0.1 SgeV/d[mer than that of the<2 asymmet-  he STM study and our pseudopotential calculations, we
ric dimer structuré? To find plausible adsorption sites of Li gjmulate STM images for the Li adatom on the surface. Fig-
on thep(2x2) surface, we calculate the adsorption energy,re 2 shows the calculated STM images in a constant-current

(Ead per Li atom, which is defined as mode for various adsorption sites, with the bias voltages of
* 1.5V for the filled- and empty-state images, respectively.
E.i= — (Egp— Es—NE2)/n, 1) When the tip is away from Li, bright spots only appear

around the up dimer atoms because of the charge transfer

from the down atom to the up atom in the asymmetric dimer.
whereEg; andEg;; are the total energies of the clean and From the filled-state STM images, we find several important
Li-adsorbed SiL00) surfaces, respectiveE?; is the total features; when the Li atom is located at high-symmetry sites
energy of a spin-polarized free Li atom, anddenotes the such asT4 andT3, there are no bright images around the
number of Li atoms adsorbed on the surface. The calculateddatom position, disabling the probe of the Li adatom at
adsorption energies and optimized geometries at 1/4-, 1/2these positionfsee Fig. 2b)], while, at theB2 site, a bright
1-, and 2-ML Li coverage$® =13, 3, 1, and 2 are listed in  spot is found at a position slightly off the Li-neighboring Si
Tables | and I, respectively, for various adsorption sites. dimer, which is clearly distinguishable from the Si dimer
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TABLE Il. Calculated Si-Si {ls;.s) and Li-Si (d,;.;) bond distanceén units of A) are given for different
geometries at various Li coverages. The amount of buckling of the Si dimer is given in parentheses.

(G Adsorption site dgis;i diisi
0 2.36(0.65
3 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
3 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(0.39 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(0.00 251
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)

imageg see Fig. 2a)]. Since the size of the Li atom is small ages at thel4 site are found to be indistinguishable from
and theT4 andT3 sites are located at nearly the same heighthose of the Si dimers; thus tfie! site adsorption cannot be
as the surface layer, a very small accumulation of chargesesolved by the STM images. For tig2 site adsorption,
around the Li adatom makes it difficult to obtain clear im- both the filled- and empty-states exhibit similar images to
ages from this atom. On the other hand, the filled-state imag#hose found for thep(2X 2) substrate, with the rearrange-
at the TD site is found to be similar to experimentally mea-ment of the asymmetric Si dimer images.
sured oné, as shown in Fig. @); however, it should be
pointed out that the energy of the TD site is much higher 1
than for theB2 site. Thus we expect that the measured STM B.O=3
image is related to the Li atom at tB2 site. For H adsorp- For ® =1/4, one Li atom is adsorbed on th&2 surface
tion, the STM image was shown to be very dark around thaunit cell, and since adatom-adatom interactions are negli-
H atom, and this feature was attributed to the strong covalerdible, the stable adsorption site is mainly determined by in-
bond between the H and Si atoms, which pulls down theeractions between the adatom and substrate Si dimers.
dangling-bond state into the bulk band. However, in the cas@mong various adsorption sites considered here BResite
of Li adsorption, we do not see such hydrogenlike directionals found to be most stable, as shown in Table I. The opti-
bonds between the Li and substrate Si atoms. Even if the Linized geometry and the charge densities of the filled and
atom occupies the TD site, a relatively brighter spot is lo-empty states, which are derived by summing the eigenstates
cated around the Li atom, which indicates a weak bond belying between the Fermi levél andEg+1.5 eV, are plot-
tween the Li and Si atoms. The empty-state image aBthe ted and compared with those for the clgg2x 2) structure
site is found to bes like, as shown in Fig. @), and the in Fig. 3. The Li atom at th@2 site is located at a distance
brightest position is located right above the Li adatom, andf 2.51 A from two neighboring dimer atoms, and 2.85 A
this feature clearly demonstrates that a charge transfer occufi®m a second-layer Si atom. The buckling of the two Si
from the Li adatom to the Si dimers. Thus our results suggesflimers within the unit cell is oriented toward the Li adatom,
that it is more appropriate to use an empty-state probe foas shown in Fig. ). The substrate Si dimers are asymmet-
identifying the adsorption position of Li. ric with a bond length of 2.35 A, and the height difference
In the very low-coverage regime, the adatom geometry obetween the up and down Si atoms is reduced to 0.46 A,
Li may be constrained by the arrangement of the substrat@hile the corresponding values were calculated to be 2.36
asymmetric Si dimers. Here we test otlogd X 2) structure  and 0.65 A, respectively, on the clean Si(16Q)(2x2)
within a p(4x 2) supercell, which has similar surface energysurface'® For otherT3 and T4 positions, their adsorption
to that of thep(2X2) substrate structure. We find that the sites are far from the neighboring Si dimers; thus the bond
ionized Li atom at theT4 site interacts strongly with two length and the buckling of the Si dimers are not much
neighboring up Si atoms of the substrate; thus Tdesite  changed, as described in Table II.
adsorption is more stable by 0.15 eV than 82 site ad- In Figs. 3a) and 3b), the charge densities of the occupied
sorption. In this case, however, the STM images for both thend unoccupied states on the clga2 X 2) surface, which
T4 andB2 site adsorptions are very similar to those obtainedoriginate from the two dangling bonds of the Si dimer, are
from the p(2x2) substrate geometry. The filled-state im- well localized around the up and down Si atoms, respec-



9578 YOUNG-JO KO, K. J. CHANG, AND JAE-YEL YI 56

Osi ®Li

(b)

((:
2 9

FIG. 4. Optimized geometries and charge densities of the states
lying betweerEg andE—1.5 eV for(a)—(c) the 2x 2 surface with

A\!

Q)
o ® the two Li atoms at thd2 sites @ =3) and(d) and(e) the 2x 1
structure with the two Li adatoms at tAet and HH siteg®=1).

FIG. 2. Calculated constant-current mode STM images are
drawn with the bias voltages of 1.5V for the filled and empty . . . . .
states, respectively. We show filled-state images for the Li atonflimers, _W'th a par'tlal charge transfer into the down Si atom
adsorbed ata) the B2, (b) T4, and(c) TD sites, andd) an empty-  Of the dimer. In this case, because of the more charge accu-
state image for the Li atom at tHR2 site. mulation around the up Si atoms, the asymmetric configura-

tion of the dimers is still significant and the buckling is di-
rected toward the Li adatom.

N

V),

tively. For theB2 site adsorption, the occupied state exhibits
a pile of charge densities around the up Si atom with some

additional accumulation around the down Si atfsee Fig. C.0=3

3(c)]. Furthermore, the charge densities are well localized For®=1, two Li atoms are adsorbed on the2 surface

above _the Si Qim_er, atoms, and no appr_eciable charges it cell. When both the Li atoms occupy?2 sites, we
f°“!"d in the LI-Si bonds, as shown in F'g(d& Thus, the choose the optimized geometry of one Li atom adsorbed at
main charge transfer occurs from the Li atom to the SIthe B2 site at® =% as an initial structure, and then place the
other Li atom at one of other equivaleBR sites. In this
case, a linear alignment of the Li atoms along the dimer row
direction is lower in energy by about 0.2 eV than a zigzag
combination of theB2 sites or an alignment of Li perpen-
dicular to the dimer rows. This linear geometry is more fa-
vorable by 0.05 eV than a linear chain formed by occupying
the HB andT4 sites perpendicular to the dimer row. In pre-
vious calculations, Na and K, which have larger ionic radii,
were shown to reside at tHE3 sites at® =1.11"13|n the
case of Li, however, th&3 sites are found to be least stable
among the high-symmetry sites considered here, because of
the small size of the Li atom. The energies of T4 and
T3-T3 site adsorptions are calculated to be higher by 0.16
and 0.25 eV, respectively, as compared to the stBRl€B2
site adsorption, and both the geometries showkd Zattern
with symmetrized Si dimers.

For the stableB2-B2 site adsorption, the optimized ge-
ometry and the charge densities are plotted in Figa)—4

FIG. 3. Optimized geometries and charge density contours4(c)’ and the electronic band structure is drawn in Fig).5

which are obtained by summing the eigenstates lying betvigen The bond lengths between the Li atoms and their neighbor-
andEq*+1.5eV. On the cleap(2x 2) surface, the charge densi- INg dimers are estimated to be 2.48 and 2.55 A, and these

ties of (a) the occupied andb) unoccupied levels are drawn on a values are smaller than for other adsorption sites, as shown
vertical plane containing a Si dimer. For the<2 structure with  in Table II. In this geometry, the two Si dimers within the
one Li atom at theB2 site (®@=1), the charge densities of the Unit cell have different relaxations; one dinjeee Fig. 43)],
occupied surface states are plotterion a vertical plane containing  Which has a dimer-bond length of 2.48 A, is nearly symmet-
a Si dimer andd) on a parallel plane lying between the Li atom and ric with a small height difference of 0.18 A between the
its nearest Si atom. dimer atoms, while the other asymmetric dinfsee Fig.
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(a) by 0.2 A than that of the Si dimers. On the other hand, at the
45 — T3 sites, the Li-Si bond distance of 3.39 A is too large for
40 E A = the Li atoms to interact effectively with the dimer atoms. In
35 §éﬁ previous calculations using ax2l unit celll’ the B2 site
3.0 %J A\ was reported to be most stable. However, since<d Jeri-
S a5 /Sz\__\— odicity is imposed, we find that each dangling-bond orbital is
\:: 20 & S 7 half-filled, and the total energy is increased by 0.14 eV per
% 1.5 %4\\ 2x2 area. The tendency of dangling bond orbitals to be
g 10 XVzﬁ empty or completely filled, so called the negativebehav-
0.5 ior, frequently involves lattice relaxation. In our case, the full
0.0 %%f occupation of the dangling bond orbital is found to be ac-
05 §§§ companied by an upward relaxation of the down atom of the
-1.0 s sandwiched dimer, leading to the effective electron-electron
r Kl HJT T interaction ofU=—0.14 eV. Similar negativé} behavior
upon alkali-metal adsorption was also reported for a Na-
(b) adsorbed GaA410) surface?®
45
AT ¥
4.0 2=
35 ﬁ@;}% D.6=1
30 % /\ For all the combinations of adsorption sites listed in Table
> 25 \ — I, the optimized geometries are found to form the 2 struc-
T 20 — ture with symmetric dimers. At the coverage@f= 1, the Li
215 = ] atoms are found to reside on tlid and HH sites rather than
L%) 1.0 zﬁ\% on theB2 sites. However, the energy difference between the
© 05 § S T4-HH andT3-HH site adsorptions is extremely small, 0.01
0.0 & 7 eV per 2< 1 unit cell. For Li adsorption either at thied-HH
05 \ or T3-HH sites, the Li atoms are well separated from each
1.0 other, and the dangling-bond orbitals of the Si dimers are
rJ K T r fully occupied. When all the Li atoms occupy tB sites,

. . since repulsive interactions between the neighboring Li
FIG. 5. The electronic band structures along symmetry dlrec-Chains along the dimer rows are increased. its adsorption
tions in the surface Brillouin zone fga) the 2X2 structure with 9 ’ P

i 1
the Li atoms at th&2 sites @ =3), (b) the 2x 1 structure with the en?rg}/] IS requ?edc’i as Comparefd ;%;hgﬁas.@:gj‘ and.z'
Li atoms at theT4 and HH sites @ =1). n the optimized geometry of the4-HH site adsorption,
the charge densities and the electronic band structure are

4(b)] has a shorter dimer-bond length of 2.38 A and a heighfi@wn in Figs. 4d), 4(e), and 3b), respectively. In this case,
difference of 0.56 A. Because of the different relaxations, thedltractive interactions are very effective between the ionized
two dimers exhibit very different charge distributions for the Li atoms and the surrounding charged dimers. The Li-Si
filled state, as shown in Figs(@ and 4b). The surface band bond lengths are calculated to be 2.66 and 2.62 A for the Li
structure in Fig. £a) shows that the optimized>22 structure ~ toms adsorbed at tfiet and HH sites, respectively, and the
is insulating, with a gap energy of 0.31 eV. The surfacedimer bond is 2.57 A, while the Li-Si distances for the Li
bandsS, and St , which are derived from the nearly sym- &oms at ther3 and HH sites are 3.17 and 2-67_'&' respec-
metric dimer, are fully occupied by two electrons from the Li Vely, and the Si dimer is much elongated with a bond
adatoms, while for the asymmetric dimer only one surfacd€ngth of 2.74 A. The 1-ML Li-covered surface is found to
bandsS, originated from the up Si atom is fully occupied. € insulating because all the surface balandS* in Fig.

The linear chain alignment of Li along the dimer row 5(P), are completely filled. The two occupied stagandS*
direction is very similar to the %1 structure which was €xhibit pp7— and ppm* -like characters, respectively, and
found to be the stable geometry of Na-adsorbed(g) sur- the dimer atoms haye pc-like bonding configuration, simi-
face at® =113 In this case, the ionized Li atoms are sur- [&7 10 group-Vad dimers on Si100 surfaces. As the Li
rounded by the negatively charged up atoms of the SFOVerage increases =1, the_surface bands_sh|ft_t(_) Iower
dimers; thus attractive interactions between the Li and SENergies, similar to other alkali metafsand their splitting is
atoms are more effective. For tfid@-HB site adsorption, the educed because of the charge transfer from the Li atom to
Li atoms are aligned along the direction perpendicular to thdh® Si dimer, which induces the symmetrization of the
dimer row, with a separation of 7.68 A between the linear Lidimers.
chains, and this structure has charge distributions similar to
those of theB2-B2 site adsorption, resulting in similar ad-
sorption energy. When both the Li atoms are located at the E.0=2
T4 sites, the bond distance between the Li and Si atoms is At @ =2, the surface structure is quite different from
2.66 A, close to that for thB2 sites; however, the adatoms those for other alkali metals. For Na and K adsorptions, the
interact less effectively with the Si dangling bond orbitals offirst-monolayer adatoms deposited on the cledd(8) sur-

p, shape, because the height of the Li atoms is higher onl§ace reside on top of the Si layer, and the second deposited
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FIG. 6. The optimized geometry for thexil phase a® =2. O ( T : N—
< 2x2 | T
c 1.0 : : B
Poo2x1 :
layer does not interact directly with the Si atofisConse- 0.5 N .
quently, the substrate keeps a dimerized structure, and the ' glllg
topmost layer over the first deposited alkali metals was 0.0 7
shown to be thermodynamically unstabfeHowever, in the
case of Li, the first-monolayer Li atoms are positioned deep 05F 7
into the bulk region with nearly the same height as that of the - ‘ N L ;
second Si layer of the substrate because of their small atomic 90 15 1.0 05 0.0 0.5
size; thus the topmost Li atoms interact directly with the Si )
dimer atoms. Eventually, all the Si dimer bonds are broken, i (V)

and a stable X1 phase appears. For this coverage, we may
speculate a phase shown in Fig. 6, where both the Li and Si
atoms are arranged in axil structure. We find that this
phase is more stable by 0.14 eV pex1 unit cell than the
previously proposed 21 structure, in which only the Si
atoms are arranged in the<tl unit cell, while the Li atoms

FIG. 7. The formation energies are plotted as a function of the
Li chemical potential for each stable structure at cover@eﬁ, %
1, and 2. The bulk value for; is taken as the origin. The most
stable structure is marked by arrowsag increases.

form a 2x1 structure'’ tends to lower the shift to the lower-binding-energy side.
Because the up atom already has a full electron occupation
F. Core-level shifts on the clean surface, further charge transfer to the up atom

edoes not occur. The screening effect on a core hole in the up
atom is not significantly enhanced by Li adsorption because
there are no empty states localized on the up atom in the
band-gap regiof Thus, the position of the core-level shift
for the up atom moves to the higher-binding-energy side
with increasing Li coverage. The charge transfer from Li to

eV for the second-layer Si atoms, consistent with previou%he down atom induces the upward relaxation of the down

e o e st ey flom. and the coredevel shit f th down atom nly
0 =1.1% As discussed earlier, our calculations show that the, o 93 with that of the up atom, resulting in the intensity

Li atoms reside on two inequivalent adsorption site9at doubling at®=1.

=1, i.e., either theT4-HH or T3-HH sites. However, we

point out that there is a possibility of tiB2-B2 site adsorp-

tion, because th@2 sites are most favorable at relatively ~ The stability of surface structure is examined by calculat-

low Li coverages. If the Li atoms reside initially @2 sites  ing the surface formation energyl¢),*’

at room temperature, which are metastabl®at1, thermal Q= Ee o — Mt N @

annealing of the sample will change the adsorption sites to = sl — HAsiT HALL

the T4-HH or T3-HH sites. For thd 4-HH site adsorption at where ug; is the total energy of bulk Si, and denotes the

® =1, the core level of Li at the HH site relative to that at average number of the Li atoms adsorbed on thel1sur-

the T4 site is calculated to be shifted by 0.14 eV to lowerface area. In usual experiments, the Li chemical potential

energies. (1) is below its bulk value at absolute zero temperatfire.
The core-level shift from the up atom on the clean surfaceThe calculated formation energies are plotted as a function of

was observed to decrease fron0.50 eV on the clean sur- g in Fig. 7, with the bulk energy.,; as the origin. As the

face to—0.37 eV for® = 1, as measured from the bulk peak, Li chemical potential increases, the surface structure changes

doubling its intensity> The change of the core-level shift from the clean Si(100p(2x 2) phase to the 2 1 phase of

spectra by Li adsorption can be explained as follows. Addi-® =1, then, to the X1 phase of®=2. The surface struc-

tional Li potentials added at the surface would increase théure maintains the(2x2) periodicity of the clean Si sur-

binding energy of the core electrons, while the charge transface up tou ;<—0.94 eV. Asy,; increases to-0.31 eV,

fer from Li to Si would decrease the binding energy. In ad-the Li-adsorbed surface exhibits &2 phase a® = 1. With

dition, the final-state screening effect on the core Holes further deposition of Li, the surface structure becomexa 1

Here we investigate the surface core-level shift using th
final state theory of Pehlke and SchefftérFor the clean
p(2x2) surface, the shifts of the Sid2core levels relative
to the bulk atoms are calculated to beD.49 eV for the up
dimer atom,—0.16 eV for the down dimer atom, and 0.05

G. Formation energy and stability
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0 . . . significant, if the Li atoms are adsorbed at the HB, HH, or
B2 site, the height of which is relatively higher from the
surface. At® =1, AW is estimated to be-1.8 eV, while the
value of AW at®=2 is —2.2 eV for the IX1 structure, in
1k - good agreement with experimental values-01.8 eV at®
=1 and—2.35 eV at the saturation coverage:®

The surface dipole moment densit X satisfies the rela-
tion

47D =Vyac— Viuik» ©)

where V.. and V,« represent the average values of the
electrostatic potentials in the vacuum and bulk regions,
40 05 0 15 2.0 respectively, of _the supercell. A@ increases up to 1,
Coverage(©) D decreases rapidly due to the Li-induced dipole moments,
which have the opposite direction to those on the clean sur-
face. The change dd from the value on the clean surface
FIG. 8. Work-function change as a function of Li coverage. (AD) are calculated }olbe—O.ZZEaB, —0.2%45, and
Filled circles represent our calculated values. —0.2824ag/(1X1) at® =3, 3, and 1, respectively. The corre-
sponding values per Li adatom are0.88&az, —0.58 483,

phase a® =2. Thus the saturation coverage for the dimer-and —0.2&ag, respectively, indicating that the charge
ized 2x 1 surface corresponds ®=1. This structural se- transfer from the Li atoms to the substrate becomes less sig-

quence agrees well with experimefits previous studies for nificant with increasing of. The work fu_nction change is
Na adsorptiort? the saturation coverage was found tode affected by both the changes of the dipole layer and the
—1 with a 2x1 phase. For Li adsorption, however, addi- surface band structure by Li adsorption. However, except for
tionally deposited Li atoms over a 1-ML covered surfacethe metallic phases &= 3 and 2, the highest occupied state
break the dimers, because of the small size of the Li atomS associated with the bulk VBM; thus the work-function

thus the interactions of Li with the broken dimers reduce theé®h@nge is dominated by the change of the dipole layer at the
formation energy and stablize the<1l structure. surface.AD at ®=2 is found to be—0.23ag/(1X1) (
—0.124ag per Li atom, which is larger by 0.08ag/(1

) X 1) than that of®=1. At ®=2, however, there is a sig-
H. Work-function change nificant change of the surface structure from those at sub-

The change of work functionAW) induced by Li adsorp- monolayer coverages, and the highest occupied state is asso-
tion is calculated and compared with experiments. The worl¢iated with the broken dimers, which is located much closer
function is defined as the energy difference between théo the vacuum level; thus the work function decreases fur-
vacuum level and the highest occupied state, which is detether.
mined by comparing the valence-band maxim@wBM)
level in the b_ulk regior_1 with t_he occupied §L_|rface states. In IV. CONCLUSIONS
bulk calculations, we first estimate the position of the VBM
relative to the macroscopically averaged electrostatic poten- In conclusion, we have studied the stable geometries of
tial, which is the sum of ionic and Hartree potentials. ThenLi-adsorbed Sil00) surfaces through first-principles pseudo-
the positions of the highest occupied surface state and thgotential calculations. Although the Li atoms interact mainly
vacuum level are obtained through supercell calculations fowith the dangling-bond orbitals of the substrate dimers, no
surfaces, with respect to the averaged electrostatic potentidirectional bonds between the Li and Si atoms are found. At
in the bulklike region. Then, we choose a higher level amondd = 3, the interdimer bridge site is found to be most stable,
the VBM and surface states to compare it with the vacuunand the analysis of charge densities indicates that the charge
level. transfer occurs from the Li atom to the dangling bonds of the

The calculated work-function changes are drawn for dif-dimers. At® =3, the Li atoms which occupy the interdimer
ferent Li coverages in Fig. 8. The overall behavior of thebridge sites form linear chains along the dimer row direction.
work function agrees well with experimerft$>1®Some ex-  In this case, two Si dimers within thex22 unit cell show
periments reported that a Li-induceck2 phase appears as different relaxations; one is nearly symmetric, while the
AW reaches about 1.5 eV ®!Since the formation energy other is asymmetric, resulting in an insulating<2 struc-
difference between the>22 structures found fod = and}  ture. At®=1, all the Si dimers are found to be symmetric,
is very small neaj ;=—0.94 eV, the observed®?2 struc- and a 2<1 structure is formed with the Li atoms at the
ture may correspond to that of eith®r=1/4 or 1/2. We find pedestal and cave sites, while the substrate dimerization is
that the 2x2 phase with the Li atoms adsorbed at 82  completely removed &b = 2.
sites at® =1/4 hasAW= —1.5 eV, in good agreement with

experiments®1® while the 2x2 structures considered for ACKNOWLEDGMENTS
O=3 give AW=-1.9 and—2.2 eV for theB2-B2 and
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