PHYSICAL REVIEW B VOLUME 62, NUMBER 23 15 DECEMBER 2000-I

Chemisorption of a single oxygen molecule on the &00) surface: Initial oxidation mechanisms
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Chemisorption of an @molecule from the topmost layer to deeper subsurface layers on(th@0Ssurface
is studied by employing the spin-polarized generalized-gradient approximation. The calculated results reveal
that an Q molecule is weakly adsorbed on a cleari18D surface with an initial spin-triplet state, but is
adiabatically chemisorbed with a spin-state conversion, when,andlecule arrives at the surface with a low
incident energy. Barrierless back-bond oxidation has been found to occur through dissociative chemisorption
with a spin-orbit interaction followed by O-atom migration to back-bond centers. According to the depth from
the surface, energy barriers are found to be increasingly necessary for chemisorption pfrarieCule in
subsurface layers.

I. INTRODUCTION flection electron microscopéSREM) study?? it was found
that layer-by-layer oxidation can be observed from the very
With the advent of silicon device technologies, the real-beginning of subsurface layer oxidation in the low-
ization of a thin oxidized film of high quality on the @00  temperature range of oxidation. These oxidation behaviors
surface has emerged as an item of key interest in the contekidoubtedly reflect differences in chemical processes of each
of achieving further progress in microscopic-scale devicesubsurface layer, but those differences are not well under-
fabrication. The initial oxidation processes of thg18i)  stood from a microscopic viewpoint.
surface are not, however, well understood despite consider- Several theoretical studies were devoted to elucidating the
able experimental and theoretical efforts. Much remains tdnitial stages in Si surface oxidation process&s! These
be learned concerning the basic mechanisms inherent in infalculations are insufficient to account for plausible
tial oxidation processes of the($00) surface. physisorption-mediated chemisorption, and for the possibil-
Regarding @ molecular chemisorption on the ($00 ity of another dissociative chemisorption, which could have
surface, there have been Contradictory reportsl based (ﬁgtive roles mostly in the initial oxidation sta@éMolecular
molecular-beam studies, as to the nature of thedissociation of an ® molecule is triggered by breaking a
chemisorption~” The sticking probability of an @molecule ~ delicate balance between two stable states. To clarify this
with a low incident energy increases with the lowering ofissue, more rigorous treatments are required in theoretical
temperature, whereas, surprisingly, that of anrlecule  studies. The ground states of an O atom and amOlecule
with a high incident energy decreases with the lowering ofiré paramagnetic spin-triplet states, which could make
temperaturé.The sticking probability of an @molecule ac-  0Xygen-involved reactions more complicated and, thus, more
tually increases with decreasing incident ené&‘@'ﬁese phe_ difficult to understand. Furthermore, accurate pathways in
nomena can be understood to mean that®lecule adsorp- chemical reactions cannot be known without allowing the
tion occurs through physisorption-mediated chemisorption aflégree of freedom in spin state. The local-density approxi-
lower temperature¥*” This implies the existence of a mo- Mation(LDA) does not provide accurate binding and cohe-
lecular precursor just before oxidation and a small energyive energies for materials consisting of the first-row ele-
barrier for G molecular chemisorption on the ($00) sur- ~ Ments because of rapid spatial variation in wave functions by
face. Recent scanning tunneling microscd@M) studies ~Small atomic radius® ! the present study, therefore, spin
showed, on the other hand, that the type-C défieqtrone to  Polarization and the generalized-gradient approximation
oxidation, whereas cleaf100) surfaces are ndt*® This re- (GGA) for exchange—correlatmn energies are applied. Ba_sed
sult indirectly supports the idea that there is a barrier of som®n these theoretical treatments, we have performed a first-
sort against the oxidation of the clear{I8l0) surfaces. The Principles study on spin-flip chemisorption of an, @ol-
energy barrier for oxidation of the @00) surface has not €cule on Si surfaces, and have tried to understand general
been obtained, however. The mechanisms of this chemisor[?()efﬂlture‘s2 in the initial oxidation processes on th¢1&0)
tion and the consequent final configurations are also not wefurface’
understood from these STM studies.
Another_ important subject is how to _realize a precisely Il. CALCULATION METHODS
controlled interface structure between Si and Sihen an
oxidation process continues. A transition layer of less than 5 The ground states of an O atom and apnr@olecule are
A has been thought to move in a bulk phase of a Si substrateell known to be paramagnetic spin-triplet states with half-
during the oxidation process, as clearly observed by theccupied » and a)w; orbitals, respectively. To describe
transmission electron microscopleln a recent scanning re- the oxygen properties properly, the present study incorpo-
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TABLE I. Binding energiegeV) of an O, molecule calculated
with the LDA and SP-LDA in comparison with the experimental
result(Expt).

Methods LDA SP-GGA Expt

8.91 5.60 511

8Reference 27.

rates spin polarization and the GGA for exchange-correlation
energies. Similar GGA calculations have proved to be suc-
cessful in describing binding and cohesive energies for ma-
terials consisting of first-row elemerfts?> The present study
implemented the Perdew formalism for spin-polarized GGA
(SP-GGA calculations* The exchange-correlation poten-
tials are discretized on the minimum number of fast-Fourier-
transform grids within the plane-wave basis set by following
the White-Bird formalisnf> The calculations are performed
using ultrasoft pseudopotentials, especially for oxytfen,
with 2k points for the Brillouin-zone sampling. We found
that cutoff energies of 25 Ry for the wave functions and 144
Ry for the augmented electron densities are sufficient for
converging oxygen energies. ThgH&I0 surface is modeled

as a repeated slab withc§4 X 2) unit cell, consisting of ten
layers of Si atoms and a vacuum spacing of the same thick-
ness. Inversion symmetry with respect to the center of the
slab is used to increase the computational efficiency.

To test the accuracy of this approach, thelinding en-
ergy is calculated by using the calculation techniques of the
LDA and the SP-GGA. Both spin-polarization and GGA ef-
fects contribute substantially to binding energies in compari-
son with the experimental result, as summarized in Table I.
In the case of the LDA, the binding energy of 8.91 ;_237\/ is
almost 74% larger than the experimental value of 5.11€V. ¢ 4 '\ iia) configurations of thé), (b), (©), (@), (), (€)', and
By employing th? SP'G,GA caIcuIaFlon, an, @inding en- (f) cases for Qmolecglar adsorption on the Si(100§4 X 2) sur-
ergy of 5.60 eV is obtained. The discrepancy from the €XFace. Open circles are O atoms, and shaded and filled circles are Si

perimental value is reduced to 10%. . ~ atoms, respectively. Si atoms are denoted by larger to smaller
When an @ molecule moves toward the Si surface with a gjrcles according to the distance from the surface.

spin-triplet state, the spin-triplet potential curve crosses an-
other potential energy with a spin-singlet state. The _total SYSpy open circles in Fig. 1. Since those sites fréanto (d) are
tem may be a singlet state when occupied states in 0xygefjose enough to the highest occupied states on the upper
are hybridized Wlth.SI substrate states. This trlpl_et- 0atoms in a Si dimer, indicated by large shaded circles, a
singlet-state conversion actually occurs through a spin-orbithemical reaction with the Si surface could be expected to
interaction, which is extremely weak compared to orbital hy-5-cur. Then. we have selected three configuratiens(e)’
bridization energies. An adiabatic transition, therefore, only,nq (), as shown in Fig. 1, which are right above the bond
occurs when a molecule approaches the Si substrate slowgnter of first and second subsurface layers, respectively.
enough for the spin-orbit interaction to work. To describe thegnce an @ molecule was first put far from each selected site
nonadiabatic transition at this spin conversion stage, we havg, ine Si surface. the O and Si atoms were moved according
applied the Landau-Zener-Stueckelberg thédr. to the forces acting on each atom, while the center of an O
molecule is artificially controlled to move toward the Si
lll. RESULTS surface®

Possible adsorption of an,dnolecule is first examined ) _ _ _ _
by conserving the initial spin-triplet state on the A. Spin-conserving weak adsorption(physisorption)
Si(100)€(4x2) surface. In all of the configurations studied  Figures 2a)—2(d) show valence charge densities on cross
in this work, the Q@ molecular axis is initially set parallel to - sections of @ molecule adsorbed Si surfaces, corresponding
the substrate surface, because this configuration makes tig the initial configurations denoted by Figgaj-1(d). The
occupied molecular orbitalsgZr, and the half-unoccupied valence charge densities of O and Si are slightly overlapped
molecular orbitals ﬁwg interact efficiently with the sub- but do not show any mixing with each other in caéas(b),
strate. We have prepared seven initial configurations abovand(d), whereas the charge densities of O and Si in ¢ase
the topmost layer for @absorption from(a) to (f) as shown are rather strongly overlapped. However, neither elongation
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FIG. 2. Equicontour plots of
valence-charge densities around O
atoms sliced along the QOnolecu-
lar axis in the final configurations
for cases(a), (b), (c), and (d) of
Fig. 1. O and Si atoms are indi-
cated by hatched and dark circles,
respectively.

from the initial O, molecular bond length nor remarkable ings imply that the adsorbed,®nolecules are in physisorbed
deformation from the initial Si surface structures can be no-or weakly chemisorbed states.

ticed in any of the casd®)—(d). Energy gains by molecular

adsorption are 0, 0.12, 0.39, and 0.03 eV for cdsgs(b), ) . . .

(c) and(d), as tabulated in Table II, respectively. Those val- B- Chemisorption on topmost layer with no energy barrier

ues are almost negligibly small except for casewhere an Second, we have treated the spin state as one of the de-
O, molecule and a Si dimer are closely attached. These findgrees of freedom. Spin states could be converted mostly

TABLE Il. Final energy gains, chemisorption barriges/), and spin states for an,Gnolecule’s weak
adsorption and chemisorption for the casegapf(b), (c), (d), (e), (¢)’ and(f) in Figs. 1 and 2. Here, top, 1st,
and 2nd denote the top of a dimer, the first subsurface, and the second subsurface.

Case @ (b) (© (d C) Ch ®)
Physisorption energy 0.00 0.12 0.39 0.03 - - -
Spin state triplet triplet triplet triplet triplet triplet triplet
Chemisorbed layer - top top top-1st 1st 1st 2nd
Energy barrier - 0 0 0.8 1.03 0.29 2.4
Chemisorption energy - 5.99 2.96 6.16 6.17 6.59 6.00

Spin state - singlet singlet singlet singlet singlet singlet
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are also redeformed to be symmetric. Here the O atoms and
the lower Si atoms form strong chemical bonds. The energy
gain is 5.99 eV. Since cadd), having a geometry closer to
case(b), does not show any tendency toward chemisorption,
dissociative chemisorption occurs where the two half-
occupied antibonding [2773 states of an @ molecule are
strongly hybridized with occupied states from two Si dimers
in an appropriate geometry, and/or the O atoms make strong
bonds with Si atoms by transferring electronic charges from
Si atoms.

C. Chemisorption with energy barrier

There is some evidence that O atoms exist in back-bond
centers upon oxidation at low temperatures as reported by
the STM and SREM studig€:=! If the topmost layers are
fully oxidized, an Q molecule must be dissociated in lower
subsurface layers or a dissociated O atom must migrate into
the lower subsurface layers. To examine fundamental disso-
ciation processes of an,@nolecule with some energy bar-
riers, the Q molecule is dissociated from cases, (e), (e)’,
and(f) of Fig. 1. Each O atom is moved toward a Si dimer or
toward the adjacent Si bond center and is settled down be-
tween two Si atoms with a constraint on the center of an O
molecule mass fixed to move toward the Si substrate, as
shown in Figs. &), 3(e), 3(e)’, and 3f). Spin states are
treated as one of the degrees of freedom. However, the dis-
sociation of an @ molecule does not occur easily in cdag
although it is very close to two Si dangling bonds. In case
(d), one of the dissociated O atoms finally settles down on
the top of a Si dimer, and the other one in a back-bond center
of a topmost Si atom. The dissociated O atoms finally settle
down in bond centers of the first and second subsurface lay-
ers in casede), (e)’, and (f), respectively. The final spin

FIG. 3. Final configurations of th@), (b), (c), (d), (e), ()', and  configurations are a spin-singlet state. These chemisorptions
(f) cases for @ molecular adsorption on the Si(100§4<2) sur-  require the energy barriers of 0.8, 1.03, 0.29, and 2.4 eV in
face after molecules are dissociated and/or fully relaxed with Spincases(d), (e), (&), and (f), respectively, but obtain chemi-
state conversion. Open circles are O atoms, and shaded and ﬂ”%‘brption energies of 6.16, 6.17, 6.59, and 6.00 eV in cases
circles are Si atoms, respectively. Si atoms are denoted by larger Rta), (e), (e)', and(f), respectively, as tabulated in Table I. An
smaller circles according to the distance from the surface. important finding here is that a dimer chemisorbed with an O

. - . . . atom in a back-bond center always tilts downward from the
t_hrough spm—orplt interactions in a nonmagnetlc system. Th%i surface at the O atom as shown in Figée)3and 3e)'.
final configurations of case@) and (d) still remain un- o alence charge densities around O atoms on cross sec-

Changed from the initial Configuration even if the Spin state i%ions sliced along the two atonﬁEhe dashed line in the final
allowed to change. Dramatic changes have been obtained Ebnfigurations for casée)] is shown in Fig. 4e). Chemi-

the casesb) and(c) without overcoming any energy barrier. goheq oxygen seems to be hybridized with electronic
Figures &b) and_ 30) §how the final .conflgurauons of O charges from the lower Si substrates. O atoms chemisorbed
molecular chemisorption corresponding to the cabgand o the topmost layer mostly settle down on the top of a Si
(c) in Fig. 1. The corresponding valence-charge densitiegyqr by breakingr orbitals of the Si dimer, whereas those
around the O atoms sliced along the dashed line and along, o misorhed on subsurface layers settle in the bond centers

the two atoms on the final configurations in Fig. 3 are showrb]c two Si atoms by breaking Si orbitals. These are com-
in Figs. 4b) and 4c), respectively. Chemisorbed oxygen mon features for @ molecule chemisorption processes. The

seems to be hybridized with electronic charges from t_hefact that energy gains in casés and (e)' are larger than

| ed in Table I tose of caseéb) and(d) suggests that O atoms located in a
are also summarized in fable 1. bond center of two Si atoms is energetically the most stable
In case(b), a molecule expands its bond length toward the

. ) o X 4 configuration which can be realized in oxygen

adjacent parallel dimers, and is finally dissociated over th . iors2
- . ; hemisorption:

two Si dimers, corresponding to one of the stable configura-
tions realized in the former LDA calculatidfi.The dissoci-
ated O atoms settle down stably on the top of each Si dimer
as shown in Fig. @). The spin configuration results in a  Our other concern is the mechanism for formation of Si-O
spin-singlet state. Asymmetric Si dimers below the O atom$onds. As shown in Figs.(B)—4(e), O atoms chemisorbed

D. Local densities of states
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FIG. 4. Equicontour plots of valence-charge densities around O atoms sliced along the two O atoms in the final configurations of cases
(b) and(c), and along the dashed line in the final configuration of ¢asef Fig. 3. O and Si atoms are indicated by hatched and dark circles,
respectively.

on the top of a dimer or in a bond center seem to adsorlchemisorption corresponding to FigieB. The peak consist-

electronic charges from adjacent Si atoms. To arrive at &g of 2s orbitals is not shifted much from the center of

more detailed understandings of those mechanisms, we ha@so, and Zo; orbital peaks in Fig. &), as well as in Fig.

calculated local densities of stat@DOS) around an O atom  5(b). The splitting of the second peak around 5 eV from the

before and after dissociative chemisorption. Here we defingermi level in Fig. %b) is rather obscure to be identified. The

the LDOS associated with each Wigner-Seitz cell. The suelectronic charges in the Wigner-Seitz cell are modest

percell is divided into Wigner-Seitz cells. Then the LDOS atenough to be 6.5 electrons. The electronic states around O

the O atom is calculated by summing the proportional vol-atom on the bond center also show rather strongly hybridized

umes of electronic states involved in the Wigner-Seitz cell. orbital characters. It implies that dissociation of ag fBol-
Figure §a) shows the LDOS of the O atom before disso- ecule and migration of an O atom in subsurface layers occur

ciative chemisorption corresponding to Figailfor com-  with rehybridization of atomic orbitals.

parison. We can observe three main peaks in this LDOS

structure for each spin state. All the peaks are split into up-

and down-spin states because the system is in a triplet state. E. Migration of O atom from topmost layer

The first peak, more than 25 eV below the Fermi level, cor- to back-bond center

responds to 8o orbitals. The second peak about 15 €V o atoms seem to be located in back-bond centers rather
below the Fermi level corresponds te&] orbitals. The  than on topmost layers when the Si substrate is exposed to
third peaks around 10 to 0 eV from the Fermi level consist ofo molecular gas with submonolayer coverdyes the cal-
2poy, 2pm,, and Py orbitals. Those peaks undergo sub- cylated results in the previous two subsections reveal that O
stantial changes upon the dissociative chemisorption. Figurgtom chemisorption in bond centers gains more energies than
5(b) shows the LDOS at the O atom after chemisorptionthat on the top of dimers. This means that O atoms may exist
corresponding to Fig.(B). The peak consisting of<2orbit-  mostly at bond centers when the system comes close to a
als is almost degenerated because of molecular dissociatiofhermally equilibrated limit. So far, possible pathways of
This peak is not shifted much from the center @og and  oxygens to reach back-bond centers are from cédese),

2so; orbital peaks in Fig. &), although the O atom is nega- and(e)’ of Fig. 1 to those in Fig. 3. Another possible path-
tively charged. The electronic charges in the Wigner-Seitavay for oxygen could be obtained by starting from O atoms
cell are actually summed as large as 6.3 electrons. The sedissociated on the top of a dimer as in cad®sand (c) in

ond peak around 5 eV from the Fermi level in Figblis not  Fig. 3.

easy to split into three subpeaks, clearly featuring the char- Here, we examine the possible migration of O atoms on
acteristics of a hybridized orbital composed of oxygegm 2 the top of dimers to lower back-bond centers. Cagesnd

and silicon 3 orbitals rather than of an atomic orbital. Fur- (c) in Fig. 2 are chosen as typical initial configurations for
thermore, we can see a broad peak corresponding to unocc@-atom migration because no energy barrier is required for
pied antibonding states at higher energies above the Ferrttie dissociative chemisorption. Figure 6 shows the energy
level. Those results suggest that the dissociative chemisorghange and schematic views of oxygen’s rebonding pro-
tion on this site occurs mostly by hybridization of atomic cesses during the migration in ca®g. One of the two Si-O
orbitals between the Si substrate and gnnilecule rather bonds is first remade to form double Si-O bonds, after over-
than by charge transfers from the Si substrate to @am@l-  coming an energy barrier of 1.27 eV, as listed in Table IIl. In
ecule. Figure &) shows the LDOS at the O atom after this stage, a metastable geometry appears, where an O atom
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tion form a dangling bond on the Si atom opposite to the Si
atom of a dimer chemisorbed with the O atom, which may be
a chemisorption site for another,@olecule. In all the pro-
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15 } cesses, two Si-O bonds have been remade, but the number of
0l Si-O bonds has been maintained, leading to a relatively small
energy barrier for O atom migration in comparison to hybrid-
5F ized bond energies between Si and O atoms.
0 . ) Figure 7 shows the energy change and schematic views of
30 25 20 -15 10 -5 O oxygen'’s rebonding processes during the migration in case
(b) Energy (eV) (c). The oxygen molecular bond is first broken with a
strengthening of the Si-O bond. It requires a small energy
40 T T T T T T barrier of 0.69 eV as listed in Table Ill. The O atom moves
35 further toward the lower Si-Si bond center, where the O atom

forms a strong bond with two Si atoms. In this stage, a meta-
30 F . stable geometry appears, where the other O atom is bonded
with one of the Si atoms on an asymmetric Si dimer. The

)
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© energy gain in this metastable configuration is 3.02 eV from

% 20 1 the top of the migration barrier. When the other O atom

215 F i migrates from the top of the Si atom into the lower Si-Si

g back-bond center, it comes upon another energy gain of 1.56

810r n eV after an energy barrier of 1.02 eV. The final configuration

8 5F . comes upon a substantial energy gain of 2.87 eV from the

3 0 ; ; . . . . first chemisorbed configuration. It is obvious from these
30 25 -20 -15 -10 5 0 analyses that the O atom remaining at the top of a Si dimer

© Energy (eV) could also exothermically migrate into a closer Si-Si bond

center with a small energy barrier. By summarizing the
FIG. 5. Local density of states at the O atgg) when an @  analyses on these typical examples, we expect that migration
molecule is weakly adsorbed on the Si surfacase(a) of Fig. 1], ~ occurs successively as a consequence of exothermic chemi-

(b) when an O atom is chemisorbed on the top of a Si difoase sorption of an @ molecule on Si surfaces.
(b) of Fig. 3], and(c) when an O atom is chemisorbed at the back-

bond t " of Fig. 3)].
ond centefcase(e)” of Fig. 3] TABLE Ill. Energy barriers and energy gairigV) for O-atom

is strongly bonded with one of the Si atoms in an asymmetridhigration from configurationgb) and(c) in Fig. 3 to a back-bond

Si dimer. The energy gain in this metastable configuration jgenter.

0.63 eV from the top of the migration barrier. As the O atom Case 1stbarrier 1stgain 2nd barier 2nd gain total gain
moves further toward the lower bond center, another energy
barrier of 0.50 eV, evaluated from the metastable configura- (b) 1.27 0.63 0.50 1.31 0.17
tion, appears. The final configuration comes upon a small (c) 0.69 3.02 1.02 1.56 2.87
energy gain of 0.17 eV from the first chemisorbed configu
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FIG. 7. Total-energy change and snapshots in geometry varia-
tion when a dissociated O atom, as in céseof Fig. 3 migrates
from the top of a Si dimer to a back-bond center.
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FIG. 8. Total-energy change as a function of O height from the
F. Spin conversion effects on chemisorption Si surface when an Omolecule is dissociated as in ca$g of Fig.

. 3., Circles, triangles, and rectangles represent spin-singlet, spin-
As a spin state has been treated as one of the degreest%let, and spin-quintet configurations.

freedom required to find the minimum-energy configuration
in the calculations for chemisorption, final-spin configura-far from the Si surface and has no chemical interaction with
tions are found to be part of a singlet state in any case othe Si surface. We call this configuration a quintet state be-
oxygen-chemisorbed @i00) surfaces. Although final con- cause the two systems have their own degrees of freedom in
figurations after chemisorption are part of a spin-singletspin states, but it is finally a singlet state when the two sys-
state, the spin state has to be conserved in diabatic chemid&ims are merged together, and loses its total spin because the
processes in order for one to know the diabatic energy curvesguintet state witt§,=0 immediately corresponds to a singlet
accurately. Dissociation pathways and energy barriers for thetate. One of the dimers closer to the olecule is relaxed
case(b) in Fig. 1 are, hereafter, examined closely as an in-until it is almost symmetric. In the spin-singlet state for the
structive example of chemisorption, by taking account of theSi surface, up- and down-spin electrons occupy the same
spin-conservation law. Each up- and down-spin electrordangling bond on one side of one Si dimer. These electrons,
number is conserved in a certain period along the potentigiowever, half occupy the different dangling bonds on both
energy curve. The ©molecule was lowered quasistatically sides of one Si dimer with the same up- or down-spins, when
toward the Si surface while maintaining the initial spin con-the Si surface is in a spin-triplet state. The total energy is
figuration. The total energy of the system is calculated as eelatively high, as much as 0.38 eV, compared with the total
function of the O-atom height from the Si surface for eachsystem in a spin-triplet state. As the, @olecule moves
spin state for casé) in Fig. 3 as shown in Fig. 8. down to the Si surface, thereby slightly elongating the bond
A possible initial-spin configuration is a triplet, quintet, or length, both spin configurations of the triplet states in the O
singlet state when an fOmolecule is put far above the Si molecule and Si surface are converted into singlet states, and
surface. The lowest-energy initial configuration is a tripletthe total system remains a spin-singlet state, which is indi-
state, as represented by triangles in Fig. 8, where.am@-  cated by rectangles in Fig. 8. Then the half-occupied anti-
ecule and a Si surface are a triplet and a singlet state, respegending 27 states in the @molecule begin to hybridize
tively. The triplet state in this case correspond§te 1. The  with occupied states from dangling bonds on Si atoms. The
triplet states are represented by this state \8ith 1 for en-  bonds are remade to be strong bonds between O and Si
ergy curves, since the spin-orbit interaction is extremelyatoms. After the @ bond-length elongation, this energy
small as compared to the exchange interaction. As the Ocurve shows a lower energy than the triplet state for the total
molecule moves with a constraint on the center of the mosystem. No apparent energy barrier appears along this tran-
lecular mass fixed toward the Si surface in the triplet casesition. This configuration finally results in caé® of Fig. 2.
this motion “finds” an upward valley on the potential- Another singlet state in the highest-energy configuration is
energy surfacé® As the Q molecule approaches the Si sur- represented by a circle, where both the r@olecule and the
face, the triplet state crosses the energy curve of a singlej surface are in a singlet state. Therefore, both then®l-
state. At the bond-breaking stage of thg folecule, the @  ecule and the Si surface have no spin polarization. The total
molecule in a triplet state comes across an abrupt energynergy of this initial configuration is substantially high, as
barrier blocking a further transition. The constraint by themuch as 1.14 eV, compared with the total system in a spin-
triplet state causes an energy barrier preventing then@-  triplet state at the initial stage. The motion of the @ol-
ecule from coming closer to the Si surface. For the quintekcule toward the Si surface leads to the same pathway as that
state as represented by rectangles in Fig. 8, both @@  obtained in calculations with a degree of freedom to the spin.
ecule and the Si surface are in a triplet state, and are coupléthe spin conversion first appears in ag @olecule and not
together in an antiparallel direction, when thg @olecule is  in the Si surface. This case also results in dd@gef Fig. 2.
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06 T T T T T adiabatic-potential curve from the initial spin-triplet configu-
ration to the final spin-singlet configuration is obtained by
i i diagonalizing the Hamiltonian including spin-orbit interac-
0.5 tions. The energy eigenvalues of the spin-triplet state at the
initial configuration are split into three states after diagonal-
ization. One of these three statés,=0 andS,=0, lowest

04 ] among the three states, could be adiabatically connected to
the final spin-singlet staf€. The above calculation implies
03 i that the adiabatic motion can be realized solely at lower tem-

peratures and with lower incident energies formolecules.
Translational motions or thermal vibrations of ap @ol-
oz F . ecule prevent the ©Omolecule from traveling with the adia-
batic limit, because the energy perturbation by spin-orbit in-
teractions in an @molecule is too small to transfer between
oarl 1 two energy curves. Those superfluous energies could break
the adiabatic motion with a small spin-orbit splitting gap.

In case(c), a molecule is adsorbed in a weakly chemi-

Stcking P mwbabilty

0 sorbed state, where the half-occupied orbitals in amI-
0 02 04 06 08 1 12 ecule are hybridized with the occupied states of the Si sur-
hedent Enemyof 0, Mokcuk €V) face. The final @ molecular bond length is elongated

slightly with 0.30 A. The asymmetric Si dimer below thg O
molecule is also redeformed to be symmetric to make bonds
with the G, molecule, as seen from Fig(e}. A substantial
The energy curve crossing by the spin-triplet and Sloin_energy gain of 2.96 eV is obtained in the final configuration.

. o : The charge densities between the O atoms and the Si atoms
singlet states shown in Fig. 8 gives us a common feature

. PR )
unique to spin-flip @ chemisorption on $100) surfaces, suggests that the antibonding 23 orbitals of the @ mol

: ! : . ecule are hybridized with occupied states in the lower Si
although crossing angles may differ from site to site. Theatoms as seen from Fig(c. The spin configuration results
energy levels for both spin-triplet and spin-singlet states L 9i6z.. pin gura
- . L . In a spin-singlet state. In this case, triplet to singlet conver-

could be interchanged through spin-orbital interactions at the. . I
Sion occurs at some point by charge transfer or hybridization

crossing points. When the spin-orbit interaction is perturbingOf half-occupied oxygen orbitals and Si surface bonds. The

in the range of_two_ energy curve crossing points, th@ O%pin-orbit interaction, therefore, also works here as the same
molecule in a spin-triplet state can be converted into a single . :
mechanism works in cagb).

state with a certain probability. The adiabatic spin conver- Since the final configurations for Omolecular chemi-

sion with a small perturbation at the energy-level CrOSSingsor tion are spin-singlet states in any case, with certain en-
ranges can be described by applying the Landau-Zenerl- b b 9 y '

Stueckelberg theory. The probability for the=2 electronic o1y barrlers,_converspn of a spin state may have Some ef-
S fect on chemical reactions, as is always true for barrierless
transition is given b§?

chemisorptions in cases with no energy barriers. Diabatic

energy curves for cage) in Fig. 3 have been closely exam-
, (1) ined as an instructive example for chemisorptions with some
energy barriers by conserving the spin state. Each up- and
down-spin electron number is conserved in a certain period
along the potential-energy curve. The total energy of the sys-
tem is calculated as a function of the O-atom height from the

D =e2704 (g2 1)gil(m2)+21] ) top of the Si surface for each spin state. As _shown in Fig_. 10,

an O, molecule starts to move toward the Si substrate with a

Since the distance of Si and O atoms is great enough to b&able spin-triplet state when ar, @olecule is set far from
2.7 A, while the distance of two O atoms is 1.3 A at the spina trough between two dimers on the Si surface. The energy
conversion stage, here we have calculated the transitiobarrier first appears at the initial stage of @olecular dis-
probability with spin-orbit interactions in an,@nolecule for  sociation, as represented by triangles representing the triplet
simplicity. By using lEg+|HSOI 32(;): 122 cm'! for the state. Charge transfers may occur from dangling bonds on Si
spin-orbit interactiorf® P,. ;, has been calculated as a func- atoms to the @ molecule at the next stage. The spin state of
tion of the incident energi; of an O, molecule perpendicu- the Si surface is converted into a triplet state, while that of
lar to the surface, as shown in Fig. 9, where the oscillatiorihe O, molecule is converted into a spin-singlet state. In
factor is neglected. Sticking probabilities decrease with théhese processes, the total spin configuration still remains in
incident energy in proportion tE~Y2 at lower-energy the initial triplet state. As the antibondingzr; states in the
ranges. The calculated curves well describe the overall terf®, molecule hybridize further with the remaining half-
dency of incident energy dependence of sticking probabili-occupied states on the dangling bonds on Si atoms, a spin-
ties at low surface temperatures as clearly seen in the expesinglet configuration represented by circles in Fig. 10 ap-
ments of the molecular beam studfeShe same discussion pears at an energy relatively lower than that of the spin-
may be also applicable to cage of Fig. 3. A continuous triplet configuration. The conversion from the spin-triplet

FIG. 9. Sticking probability as a function of incident energy of
an O, molecule for casée) of Fig. 3.

P, 1=4|D| %e*™(e*"°~1)cos

i
47'

where é is the imaginary part of a classical action integral,
and 7 is a phase factoD is given by
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2 T T T more easily through a spin-orbit interaction, whereas one
with a slightly higher incident energy is repelled at the Si
ir A T surface. Those general behaviors of adiabatic or diabatic pro-
y cesses, dependent on the incident molecular energies, are
ot A - consistent with the findings of molecular-beam studiés.
A The sticking coefficients for low incident energies were also
A . . .
s r - founq to increase with a Iovyermg of the temperaﬁjrg.
2 Since the incident energies of,@nolecules used in the
5 2F - molecular-beam studies are at least 0.06 eV, these initial
E conditions for molecular energies may have given rise to
° st i some differences from STM studies. In STM studié$the
g‘ Si substrate was exposed tg @olecular gas with a sub-
=y 4 monolayer coverage, mostly at temperatures slightly higher
than room temperature. Direct dissociative chemisorption of
= | J an O, molecule at subsurface layers requires 0.8 or 0.29 eV
for caseqd) or (e)’ of Fig. 3. Since those processes require
Sk J atomic motions in restricted configurations at and above
room temperatures, they can occur with high incident ener-
3 ; ) 1 gies or at high temperatures in the molecular-beam studies,
05 0 05 1 15 but may not occur with low incident energies. A more plau-
Height of O fiom Si Surface (A) sible chemisorption pathway is the, @olecular dissociative

FIG. 10. Total-energy change as a function of O height from theghekmlbsorztlon foIIoweg by .Lm%r.a“onl of an Cl):.at06m_|_tﬁ. a.
Si surface when an Omolecule is dissociated as in ca&® of ack-bond center, as described In relation to Fig. 6. This is

Fig. 3. Circles and triangles represent spin-singlet and triplepec"jluse the initial chemisorption process gengrates a super-
configurations. fluous energy of almost 3 eV per O atom, which may suc-
cessively cause oxygen migration with energy barriers of
1.27 or 0.6 eV. Another additive migration from a back-bond
genter to a lower bond center is unlikely to occur because it
Jfequires an energy barrier of 2.5 é%2° The recent SREM
8bservation of oxidation of the @I00) strongly supports the

state to the spin-singlet state eventually occurs after ove
coming an energy barrier of 1.03 eV. Once the system ove

comes the barrier, the entire system is inevitably converte o )
into a spin-singlet state, because the trapped oxygens in idea that layer-by-layer oxidation starts fr_om_the first subsur-
face layer at room temperatur€sThe activation energy of

spin-triplet state could fall into a energetically lower singlet he i bsurf I X idation has b found to b
state. A spin-orbit interaction eventually works for spin-statel '€ ISt subsurface layer's oxidation has been found to be

conversion after the crossing points of the two energ)p'(.)3 ev, CI?Z‘? to 0 e\g We cannot, o(I)'f COUrse, rﬁle oqt th.e
curves, where another energy excitation is required for reEXistence of dissociated O atoms on dimers, as shown in Fig.

turning to the initial configuration. The activation energy to 3(b), because oli)?ervatmn of a sm_all %hzmlsorbed O atom is
overcome the barriers is, therefore, most important for th&'0t an €asy task for STM. A chemisorbed O atom may even-

chemisorption process in this case, rather than spin-state cof@!ly migrate from the top of a Si dimer to a back-bond

version, in contrast to the barrierless chemisorption in caseSENter after long duration on a dimer. Surface protrusion on
(b) and (c). oxygen adsorbed substrates observed by the STM $tudy

The energy-curve crossing also appears after a small effidy have been caused by buckling of dimiérdn the

ergy barrier when an Omolecule is lowered inside a trough Present study, spontaneous dimer buckling is found to be

between dimers on the Si substrate in casgsand (f) (not caused_ bY oxygen chemisorption in a ba(;k—bond penter.
shown herg These are common features for dissociativeThese findings can account well the observations obtained by
STM studies.

chemisorption with some energy barriers.

IV. DISCUSSION

A. Chemisorption in initial stage B. Oxidation in subsurface regions

According to molecular-beam studies, the absolute values As SREM observation of oxidation on the(800 indi-
of the sticking coefficients of an Omolecule range from 2 cates that layer-by-layer oxidation starts from the first sub-
X104 to 0.2 at 300 K. This means that,@nolecules with  surface layer at room temperatuf@she activation energy of
relatively low energies may be chemisorbed as a consehe first subsurface layer's oxidation can be estimated to be
guence of multiple collision events with the Si substrate. Invery close to 0 eV. The STM study also implied O-atom
particular, for lower incident energies, arp, @olecule will  chemisorption in a back-bond center at temperatures slightly
have sufficient time to adjust its lateral position and molecu-higher than room temperatur&sDirect correspondence of
lar orientations before it is dissociatively chemisorbed, aghe SREM study to the STM study may be difficult, because
observed in an @ molecule chemisorption on Pt and Ir the experimental conditions for these studies are not the
surfaces>3* Another important mechanism is a spin-orbit same. However, those experimental results strongly indicate
interaction. As revealed in the present study, am®@lecule  that oxidation proceeds from the first to the second subsur-
with a low incident energy is dissociatively chemisorbedface layer in a layer-by-layer manner.
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In our study, the activation energy of,nolecular disso- atom in a Si dimer and above the subsurface bond centers.
ciative chemisorption followed by O-atom migration from O, molecules are found to be weakly adsorbed with a spin-
the topmost layer to the first subsurface layer is estimated asiplet state. The present studies also found that am0l-

0 eV. Since this process leaves a dangling bond on the ofecule is adiabatically chemisorbed through a spin-orbit inter-
posite side of a dimer, another,@olecule arriving on the  action at the center of adjacent parallel dimers or at the top of
same adjacent parallel dimers can repeat the same dissociggimer at lower temperatures when ther@olecule reaches
tive chemisorption. Those processes thus fully oxidize thene surface in an appropriate orientation with a lower inci-
first subsurface layer without any barrier energy. The activaggnt energy. This dissociative chemisorption is followed by
tion energies of @ molecular dissocia_tive chemisorption on migration of an O atom from the topmost layer to a back-
the sec_ond subsurface layer are estl_mated to be as Iarge_ 56nd center, leading to a full oxidation of the first subsurface
mental Valus of 2.5 6V fo cissociaive chemisorption at high\2Y". Wit any barier energy. The dissociative chem
' sorption is also found to occur at sub-surface layers with a

temperature8.Although this dissociative chemisorption en- clativelv higher incident enerav. or at high temperatures
ergy at the second subsurface layer does not directly corre- y g °rgy, 9 P '
he calculated results explain well the existence of gn O

spond to the activation energy of oxidation at the secon .
subsurface layer, these calculated results are in good accdPolecular precursor, the sticking probabilities of apr@ol-

dance with the experimental results, where the second Su@._cule reported in experimental studies, and the initial oxida-
surface layer’s oxidation requires an extremely long time offion processes of Si subsurface layers.

higher temperatures compared with that of the first subsur-

face layer. As the oxidation proceeds from the surface, the

oxidized layers are expected to reduce the stress generated

by volume expansion through lattice relaxation or amor- ACKNOWLEDGMENTS
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