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Atomic and electronic structure of the S(001)-Rb chemisorption system
at 0.5 and 1.0 monolayer coverage
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The atomic and electronic structure of thg®il)-Rb chemisorption system at 0.5 and 1.0 monolayer
coverage has been investigated using the plane wave, pseudopotential density functional method contained in
thevasp code. The atomic and electronic structures of the Rb chemisorption system at 0.5 monolayer coverage
are found to be very similar to the Li chemisorption system at the same coverage. The minimum energy
structure determined for the (8D1)-Rb chemisorption system at 1.0 ML coverage has been found to be in
good agreement with the x-ray standing-wa®SW) field data. The predicted occupied and unoccupied
electronic surface state bands have also been shown to be in excellent agreement with the ARUPS and IPES
results. The calculations suggest that the bonding between the Rb adatoms and the Si substrate atoms is neither
purely ionic nor covalent. No evidence has been found in support of strong Rb-Rb interactions and the
formation of a metallic overlayer.
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I. INTRODUCTION DL model. At saturation coverade-1.0 ML) they found the
The chemisorption of alkali metalAM) on the (001) LEED data exhibited a & 1 periodicity which they believed
" : was due to the underlying Si dimer reconstruction. Castrucci
surface of silicon has been widely studied.In order to et al29 used the XSW method to study Rb adsorption on the

elucidate trends resulting from such interactions |t. is |mpor-Si(001)2>< 1 surface at low(0.19+0.02 MU coverage and
tant to possess data for all of the elements of a given grou

of the per_iodic table. Qf the Group | elements, the interactionaef;rgllg_?gstgﬁe%béﬁgg%?ﬁi S'EE?;\%SP%G r? ég6bieg'r? 3 sﬁgd to
Of_ potassium gnd sodium W'th_ the(801) surfacg has been study the electronic structure of the(@1)2 X 1-Rb system
fairly well studied both theoretically and expenmgntéﬁfr? at RT by Chacet al2 At saturation coverage two occupied
Recently, we have performed detailed calculations of theface states separated byL.0 eV were found at normal
atomic and electronic structure of the@1)-Li chemisorp-  emissjon(this corresponds to the point of the Surface Bril-
tion systent,? and compared the results of these calculationgouin zone(SB2)]. The dispersions of these two surface state
with the existing experimental dat&;?*and earlier theoret- pands were also determined by these authors along@
ical work 192526 While some experimental work has been direction at saturation coverage. This direction corresponds
published on the interaction of Rb with the (81)  to theI-J; symmetry direction in the SBZsee Fig. b)]. A
surface?®23 no theoretical investigation of this (801)-AM third surface state band was also observed alonglthl$
chemisorption system has been reported to our knowledgelirection.
The aim of this paper is to report the results af initio Both angle-resolved dire¢dARUPS and inverse(IPES
calculations of the atomic and electronic structure of thephotoemission have been used by Johanss@h! to study
Si(001)-Rb system at 0.5 and 1.0 monolay®tL ) coverage. the development of the surface electronic structure of a
X-ray standing-wave fieldXSW) experiments were per- rubidium-adsorbed 8001)2X 1 surface with increasing Rb
formed by Etelaniemét al?” to investigate the atomic struc- coverage. Emission from the Si empty dangling-bond surface
ture of the S(001)2 X 1-Rb adsorption system. At room tem- state was observed for Rb coverages up to around 0.5 ML. A
perature(RT), for one monolaye(1.0 ML) coverage, the Rb new surface-related structure was also found to appear in the
atoms were predicted to sit at the pedestal and valley bridgé’ES spectra for th& point with an energy of 1.5 eV above
sites[these sites are labeled ) and RKC) in Figs. 1c) the Fermi energy at a coverage of around 1/3 ML. The en-
and 1d)]. This AC structure is identical to the so-called €rgy of this structure was observed to shift downward with
double layer(DL) model that had been proposed for the further increasing coverage and at saturation coverage
atomic structure of the 8101)2 x 1-K adsorption system at (~1.0 ML) was 0.25 eV above the Fermi energy. The disper-
1.0 ML coverage by Abukawa and Kofid=rom their data sion of this unoccupied surface state band was recorded
analysis, Etelaniemiet al?’ concluded that a symmetric along the[011] and[011] orientations for saturation cover-
dimer structure is energetically favored at 1.0 ML coverageage; that is, along th€-J' andI'-J symmetry directions of
with the dimer length being 2.3—-2.4 A. Chab al?® used the SBZ[see Fig. 1b)]. Parabolic-like shapes with large dis-
photoelectron spectroscopy to study the adsorption of Rb opersions of up to 1.4 eV were observed along both directions.
the S{001)2x 1 surface at RT for increasing Rb coverage.Johanssomt al3! concluded that this surface state band was
They observed two components in the Rbahd 31 spectra  derived from a Rb-overlayer state with strong Rl Bhar-
at coverages higher than2/3 ML. This indicated the pres- acter, and that its large parabolic dispersion results from
ence of two different Rb adsorption sites, in support of thestrong Rb-Rb interactions within the metallic overlayer in
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(a) (b) Il. METHOD AND PROCEDURE

Suls) BKIE) All of the calculations reported in this paper have been
[011] carried out using theb initio total-energy and molecular
) , [010] dynamics progranvAsp (Viennaab initio simulation pack-
/2 N KJ age which is based on the density functional thedBFT)
Tl LK pseudopotential plane wave meth8d* The calculations
have been performed using both the PAW poterfigfsand
the Ultra-Soft(US) Vanderbilt pseudopotentiglincluded in
the vasp code®?-34 In the PAW potential of rubidium both
the s and p semi-core states were treated as valence states.
The Ceperley-Alder local density approximatidrDA) ex-
change and correlation functional has been employed for
() g o both sets of the potentials. The Kohn-Sham equations were
. solved using 4 specid points in the irreducible symmetry
Si(la) Si(1b) Si(la)  Si(1b) element of the SBZ of the &01)2x 1 and 2x<2 surface
B ""'B""ql'_" unit cells (SUQ), and employing plane waves with kinetic
i.m,m .m,(q' energies up to~20 Rydbergs. For our 1 and 2x 2 peri-
! ! odic unit cells we have employed 8 layers of silicon plus 4

[011]

Si(32) Si(3v)

600 Si¢da) _f Si4®) and 8 hydrogen atoms, respectively, to saturate the dangling
i Si(5b) bonds of the bottom layer silicon atoms, and a vacuum re-
- gion of ~12 A, The minimum energy structures were deter-

y
L Feynman theorem and allowing all of the coordinates of the
X silicon atoms in the top four layers of the slab, plus those of

FIG. 1. (a) Top view of our minimum energy configuration for theé chemisorbed rubidium atoms, to vary. To identify the

the S{001)2 x 2-Rb chemisorption system at 0.5 ML coverage. The€lectronic surface states we have calculated the function

dashed lines denote thex2 SUC. The upper and lower rubidium pn(2) defined by

atoms which lie close to the pedestal and valley bridge sites are

d_enoted_ by the symbo}s Rév,) _an_d RKC,), respectively. The pr(2) = J I‘Ifnk(x,y,Z)Idedy,

dimer bridge and cave sites are indicated by the symBgI8, and sucC

D, andD,, respectively. The dimer indicated by the dashed line is o )

almost flat while the dimer denoted by the solid line is buckled withwherex andy lie in the surface plane,is out of the surface,

the O and x indicating the up and down atoms, respectively. The@nd the integration is performed over the SUC. The silicon

SBZ of the(2x 1) and(2X 2) SUC are shown irfb). Top and side  dimer atoms in our 8 layer slab are sitedzatO A while the

views of our minimum energy configuration for the(®12x1-  terminating hydrogen atoms are at--10.3 A. Three-

Rb chemisorption system at 1.0 ML coverage are show)iand  dimensional(3D) charge distributions were also calculated

(d). The dashed lines ic) denote the X1 SUC. The upper and for all of the identified electronic surface states in order to

lower rubidium atoms at the pedestal and valley bridge sites arenambiguously determine the nature of the individual sur-

denoted in(c) and (d) by the symbols RtA) and RHC), respec-  face state bands. To simplify the 3D pictures, these latter

tively. The dimer bridge and cave sites are indicated by the symbolgalculations were realized using the US pseudopotentials.
B andD.

‘|‘ mined by minimizing the forces using the Hellmann-
X

Il. RESULTS
— . A. Atomic structure
both the[011] and[011] directions. They also found that the
surface electronic structure at 1.0 ML Rb coverage was 1. Si(001)2x 2-Rb system at 0.5 ML coverage

semiconducting with a surface band gap-e8.6 eV. In order to determine the minimum energy structure of the

Despite all of the above experimental work, severalsj(p01)2x 2-Rb system at 0.5 ML coverage, we carried out
aspects concerning the basic properties of tH8()2X1-  geometry optimization calculations for six different starting
Rb chemisorption system require further investigation. ThesgeometriegA,C,, A;Cy, B1C,, AiA,, AD,, and C,C,—see
include the actual chemisorption sites of the rubidium atomsgig. 1(a)]. The calculations for three of these initial geom-
the nature of the Rb-Si bonds, and the degree of meta”izaetries(Alcz, A1D2, and BlCZ) Converged to the same Opti_
tion of the system as a function of coverage. A detailed inmnjzed geometry, thé,C, configuration. ThisA;C, configu-
vestigation of the properties of Rb adsorption on th®@&l)  ration, in which the optimized position o, is displaced
surface would also be helpful in providing an overall under-ajong the positives axis from the pedestal site by 0.13 A, is
standing of Si001)-AM adsorption systems. In this paper, the most energetically favorable structure. Energy values for
we report the results of accurate first-principles calculationshe four different stable structures that we have determined
of the atomic and electronic structure of thg@i)2X1-  are presented in Table I. The atomic relaxations, and various
Rb system at 0.5 and 1.0 ML coverage, and compare thedsond lengths of interest for th&,C, configuration, are pre-
results with the currently available experimental data. sented in Table II.
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TABLE I. The energiegin eV) of the different atomic configu- TABLE I1ll. Total energies of the different structures of the
rations of the Si001)2X 2-Rb chemisorption system for 0.5 ML Si(001)2 X 1-Rb system at monolayer coverage relative to that of
coverage, relative to that of the lowest energy configuration. Thehe minimum energyAC structure.
notation for the various sites is the same as that in FHig. 1

Configuration EnergyeV)

Configuration Energy
us PAW

ACy 0.00
C.C, 0.096 AC 0.00 0.00
AC, 0.277 BC 0.42 0.45
AA, 0.679 AD 0.57 0.58

BD 1.01 1.07

The structures of the silicon substrate for the four stable
optimized configurations that we obtained were found to bePrefers the Li adatoms to reside close to &handD sites!?
nearly identical. This substrate structure, which has onén the early studies of AM-$001) chemisorption systems it
buckled and one flat dimer, is very similar to that of thewas assumed that Levine’ s motiésr Cs adsorption on the
Si(001)2 x 2-Li chemisorption system at 0.5 ML coverage Si(001) surface would be valid for all of the AM’s at 0.5 ML
(see Ref. 18 The buckling angle of the buckled dimer of coverage. In this model, the adatoms were assumed to be
6.1°, however, is considerably flatter than that of thechemisorbed at the pedestal sites along the hills of the dimer
Si(001)2 % 2-Li chemisorption system(14.59. The bond rows [the A site in Fig. 1c)]. Levine’s model, however, is
length of this dimer of 2.25 A is also somewhat shorter tharPredicted by our calculations to be the highest energy struc-
the corresponding bond length of 2.32 A in the0Bi)2  ture for the Si001)2 < 2-Rb system at 0.5 ML coveragsee
x 2-Li system. The bond length of the flat dimer, which hasstructureA;A; in Table ). Unfortunately, no experimental
a buckling angle of only 0.3°, is 2.47 A. This is the same asdata on the atomic structure of the@)1)-Rb chemisorption
the bond length of the corresponding dimer in thé081)2  system at 0.5 ML coverage are available for comparison
x 2-Li system at 0.5 ML coverage, which has a bucklingWith our theoretical results.
angle of 3.2°.

The adatom topologies of the (801)2x2-Rb and 2. S(001)2X 1-Rb system afl.0 ML coverage
Si(00D)2x 2-Li minimum energy configurations at 0.5 ML |n order to determine the minimum energy structure of the
coverage also show some differences with the former havingij(001)2 X 1-Rb system at monolayer coverage, geometry
the two adatoms neak and C sites, while the latter system optimization calculations were carried out for four different

starting geometries. These were tA€, AD, BC, and BD

TABLE II. Optimized geometry(in A) of the S{001)2x 2-Rb  configurationgsee Fig. 1c)]. Calculations were performed
chemisorption system at 0.5 ML coverage for the minimum energyfor these four structures using both x2 and 2< 2 SUC. In
A,C, structure.Az is the vertical displacement relative to the ideal sgme of the X 2 calculations different starting values were
bulk terminated surface, artidenotes the various bond lengths in assigned to the coordinates of each of the Rb adatoms.

A. The labeling of the atoms is the same as in Fig).1 Despite this additional flexibility, these calculations always
resulted in a X 1 periodicity. This suggests that interactions
Value (A) between the dimers do not play a significant role in deter-

mining the atomic structure. The relative energies of these

iin(Al) izg four structures obtained using both the US pseudopotentials
RO(C2) ' and PAW potentials are presented in Table Ill. The DL model
AZsira) 0.10 structure, in which the two rubidium atoms sit at the pedestal
Az 0.08 (A) and valley bridge(C) sites[see Figs. (c) and Xd)], is
AZsie) —0.65 found to be the most stable. This is consistent with the results
Azgjgg) -0.08 of Etelaniemiet al. who found that the DL model provided
dsi(1a)-si(1b) 2.47 the best fit to their XSW resulf. The atomic relaxations
dsic10)-si(1d) 295 and various bond lengths of interest obtained from both our
dsii1a)-RuAD 3.97 PAW and US opt|m|ze_d geometries and the XSW experi-
e 3.93 ments, are presented in Table IV. The PAW and_ US values
Sil1b)-Rb(AL) ' are seen to agree very closely. In all of the following text we
dsi10-Ro(AY 3.71 thus only discuss the PAW results. The Si-Si dimers were
dsi(1d)-Rb(AL) 3.34 predicted by our calculations to be completely symmetrical.
Osi(1a)-RH(C2) 3.43 This agrees with the XSW resudtswvhich indicated identical
dsi(1b)-Rb(C2) 3.37 vertical displacements of —0.2 A for each pair of Si dimer
dsic1o)-RbC2) 4.04 atoms from their ideal bulk values. The calculated dimer
Osi(1)-RHC2) 348 length of 2.49 A is also in reasonable agreement with the

XSW value of 2.3-2.4 K7 Our calculated bond length be-
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TABLE IV. Optimized geometry(in A) of the S{001)2 X 1-Rb
system at 1.0 ML coverage obtained using¥hsp code with PAW
potentials and US pseudopotentials, compared with the experimen-
tal results of Etelaniemet al. (Ref. 27. Az is the vertical displace-
ment relative to the ideal bulk terminated surface, dmnotes the
various bond lengths in A. The labeling of the atoms is the same as
in Fig. 1(c).

This work PAW (US) Ref. 27

AZrpp 2.42(2.42)

AZgyc) 1.23(1.24

AZppa)-AZrpc) 1.19(1.18 0.80.2
AZgi1a) 0.00(-0.03 ~0.2
AZsip) 0.00(-0.03 ~0.2
dsi(1a)-si(1b) 2.49(2.48 23-24
Osi(1a)-RbA) 3.32(3.39

Osi(1b)-Ru(A) 3.32(3.39 331501
dsi(1a)-Ru(C) 3.43(3.45

dsi(1b)-Rb(C) 3.43(3.45

tween the silicon dimer atoms and the upper rubidium atom
[Rb(A)] is 3.32 A, while the bond length between the silicon
dimer atoms and the lower rubidium atgR(C)] is 3.43 A.
These values correlate well with the value of 3.31 A used by
Etelaniemiet al?” to fit their XSW data at 1.0 ML coverage.
These authors also determined the vertical distance between
the rubidium atoms sitting at the valley and pedestal sites to (c)
be 0.8+0.2 A. The corresponding value derived from our 4
VASP calculations is significantly greater at 1.19 A.

B. Electronic structure
1. Si(001)2x 2-Rb system at 0.5 ML coverage

Electronic structure calculations have been carried out for
our minimum energy $001)2X2-Rb configuration at
0.5 ML coverage. The resulting eigenenergies in the vicinity
of the energy gap have been determined fork&fbints
along thel'-J-K/2-J'/2-I" symmetry directions of the 2 2
SBZ and the resulting energy bands plotted in Fig).2WNe
observe that the band structure of thé0Bil)2 X 2-Rb sys-
tem at 0.5 ML coverage is very similar to the band structure
of the S{001)2 X 2-Li system at 0.5 ML coveragesee Fig.
3(a) in Ref. 13. This includes the whole of the valence band FIG. 2. (a) Surface electronic structure of the(@1)2x2-Rb
structure as well as the dispersion of the band correspondir@“emisoﬂOtion system at 0.5 ML coverage in the vicinity of the
to the lowest unoccupied molecular orbitdlUMO). The  Fermi energy(b) Electronic structure of the 8012 1-Rb sys-
similarity of the two valence band structures is consistenfém at 1.0 ML coverage in the vicinity of the Fermi energy. The
with the almost identical $001)2X 2 substrate reconstruc- Qmpty_cwcles indicate the_ theoretically predicted surface states. The
tions induced by the Rb and Li adatoms. The overall Simi_fllled circles and_empty t_rlangles denote the ARUPS data of @hao
larity of the two band structures also suggests that the natur%hgifs'o:’;gt Zl\fhl(lsetfhesjf;”?g ?ﬂza;?;e:sr?{iizr:;é?:r LF;EhSedealuei_Of
of the surface states of the (80)2x2-Rb system at ; i I : :

0.5 ML coverage will be analogous to that of the 0.5 ML tronic surface states identified by the theoretical calculations. Occu-

. . . . X . pied statesA 7 Si dangling bond surface state]7 Si dangling
Si(001)2x 2-Li chemisorption systerfsee Fig. ) in Ref.  ),n4 surface state Si dimer o bond surface states first silicon

13]. The LUMO band of the $001)2><2;|—i system at  pack bond state. Unoccupied statesr Si dangling bond plus up-
0.5 ML coverage has been identified as thesurface state per Rb orbitals,<#™ Si dangling bond plus lower Rb orbital;
band associated with the asymmetric silicon dimers. Johansipper Rb and subsurface Si orbital, anti-bondings” Si dimer
son et al3! found that normal emission from the empty bond plus lower Rb orbitals.
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dangling-bond surface statbeledU; in Ref. 3] is visible  than the highest occupied surface state atlthgoint. The
up to a Rb coverage corresponding to a work function ofenergy difference between these states predicted by our cal-
—-2.75 eV. They also found that a work function of —1.98 eV culations is 0.92 eV, in excellent agreement with the ARUPS
corresponded to 1/3 ML coverage while a work function ofresult. The ARUPS experiments of Chabal 3° also discov-
around -3.50 eV matched to 1.0 ML coverage. Taking thesered a third occupied surface state band that dispersed
values as our reference, we estimate that the lowest energyrongly downward alond'-J; [see Fig. 20)]. We observe
unoccupiedr” surface state of the ®01)2 X 2-Rb system at that the theoretical calculations predict two surface state
0.5 ML coverage at th€ point of the SBZ should be located bands in this region with similar downward dispersion.
about 0.6 eV above the Fermi energy. Our theoretically pre- The IPES experiments by Johannsehal3! have evi-
dicted LUMO =" surface state band for the(801)2x2-  denced an unoccupied surface state band that disperses up-
Rb system at 0.5 ML coverage is predicted to lie 0.27 ewward along thel’-J and I'-J’ symmetric directions of the
above the Fermi energy at thepoint. SBZ. The theoretical calculations are observed to accurately
reproduce this unoccupied surface state band, with the pre-
dicted dispersions being in excellent agreement with the
IPES data. The IPES experiments also determined a second

Electronic structure calculations have been carried out founoccupied surface state along thiel symmetric direction
our minimum energy $001)2 X 1-Rb DL model structure at that disperses strongly upwards from th@oint. Our theo-
1.0 ML coverage. The resulting eigenenergies in the vicinityretical calculations also predict a second surface state near
of the energy gap have been determined for kgfoints  theJ point with an upward dispersion.
along thel’-J-K-J'-I"-J; symmetry directions of the SBZ and
the resulting energy bands plotted in FigbR In order to
identify the electronic surface states, the functigp(z) has
been calculated at 4k-points along these symmetry direc-
tions for all the bands within several eV of the Fermi energy. In order to understand the nature of the occupied and
The identified surface states are indicated in Fig) By the ~ unoccupied surface states of thé(®1)2X 1-Rb system at
empty circles. The ARUPS data for the occupied surfacél.0 ML coverage, we have calculated thg(z) function,
states obtained by Chaat al3C for the S{001)2x 1-Rb sys-  along with the charge/probability density, for all of the theo-
tem at 1.0 ML coverage in the vicinity of the Fermi energy isretically predicted surface states. The varying character of
also shown in Fig. @) (filled circles and empty trianglgs these states is indicated by the use of different symbols in
The data indicated by the filled circles were obtained from &ig. 2(c).
surface prepared by Rb deposition directly onto a cold The occupied electronic surface states denoted by the
Si(001)c(4x 2) surface, while the data indicated by the empty triangles and squares in FigcRrepresent the silicon
empty triangles are for a surface cooled after preparation &angling bond surface states. Three-dimensi¢dia) charge
room temperaturéRT). The IPES data for the unoccupied density plots for these surface states at kheoint of the
surface states obtained by Johanssbil3! in the vicinity =~ SBZ are presented in Figs(e8 and 3b), together with the
of the Fermi energy for the &01)2x1-Rb system at correspondingy(z). The band denoted by the squares rep-
~1.0 ML coverage is also presented in Figb2 This datais  resents ther silicon dangling bond surface steteig. 3@,
indicated by the filled squares. The ARUPS dateas been While the band denoted by the triangles corresponds terthe
shifted up by 0.21 eV to match the theoretically predictedSi dangling bond surface stdtig. 3(b)]. In both cases, the
values close to th& point. The IPES daf4 have been left charge distribution is seen to be localized in the vicinity of
unchanged. the silicon surface dimer atontise., aroundz=0 A). On the

As can be seen from Fig.(1®, there is excellent agree- Si(00)) clean surface, the” orbitals are usually unoccupied.
ment between the theoretical results and the experiment&or the S{001)2x 1-Rb system at 1.0 ML coverage, how-
data for both the occupied and unoccupied states. Thever, the energies of these orbitals are pushed below the
ARUPS data of Chaet al2° predicted the occurrence of two Fermi level. This suggests that a significant amount of elec-
occupied surface states at tRepoint of the SBZ with an tronic charge is transferred from the Rb adatoms to the Si
energy separation of 1.0 eV. Our calculations also predict dimers and that ionic Rb-Si bonds are formed. As a result,
two surface states with a calculated energy separation at tibe 7~ orbitals become occupied and thé@i1)2x 1 asym-
I' point of 0.95 eV. The lower of the two experimental sur- metric dimer surface is reconstructed to the symmetric dimer
face state bands is observed to initially disperse upwar@x 1) surface. Analysis of the composition of these pre-
along thel-J’ symmetric direction, while the upper surface dominantly Siw and =~ molecular orbitals also shows sig-
state band remains fairly flat. Once the two bands almostificant contributions from the Rb atomic orbitals. Such con-
meet, however, midway along tHeJ;, symmetry direction, tributions are clearly seen in the charge density plots for the
they both disperse downward with similar dispersion beforer and " surface state bands at tgoint of the SBZ pre-
becoming essentially degenerate close to thesymmetry  sented in Figs. @) and 3d), respectively. Detailed analysis
point. Our calculated results are seen to correlate extremelyf the molecular orbitals for the states shown in Fig@) 3
well with the experimental data for these two surface stateand 3c) reveals that they can be regarded as combinations of
bands. The surface states at fjesymmetry point are deter- the = Si dangling bond orbitals and contributions from the
mined from the ARUPS experiments to ke0.95 eV lower lower and upper rubidium atoms, respectively. Similarly, the

2. Si(001)2x 1-Rb system at 1.0 ML coverage

C. Nature of the surface states of the $001)2X 1-Rb system
at 1.0 ML coverage
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FIG. 3. Side and top views of the 3D charge density distribution, and the correspgnging for the valence band surface states of the
Si(001)2 X 1-Rb system at 1.0 ML coverage indicated in Fi¢c)2y the squaref(a) and(c)] and the triangle$§(b) and (d)]. The plots in
(a) and (b) are for theK-point and those ir(c) and (d) are for theJ-point. The charge density isosurface value in each case was 0.8
X 1072 e/A3. In this figure, and all subsequent figures, the larger and smaller filled circles represent the rubidium and silicon atoms,
respectively, and the silicon dimer is centered within the 22SUC, as shown in the top view. The silicon dimer atoms are sited at
~0 A and the hydrogen atoms on the bottom are-at-10.3 A.

molecular orbitals for the states shown in Fig&)3and 3d) states of the chemisorbed surface with the electronic struc-
can be regarded as combinations of #ieSi dangling bond ture of the clean $001) substrate, we observe that theand
orbitals and contributions from the upper and lower rubidium#" surface states associated with the upper Rb #RDiA)]
atoms, respectively. Using the definition by Coulstral,38
we have calculated the ionicity of the bonds between the 7 \\*_:
upper Rb atom and the Si dimer atofii®h(A)-Si], and be- L
tween the lower Rb atom and the Si dimer atoR&(C)-
Si]. The resulting values were 0.52 and 0.48, respectively.
These values indicate that the bonding structure of the

Rb/Si001) chemisorption system is neither purely ionic nor ) 0 % :AA
w o
R
AN

purely covalent, but rather of an ionic-covalent nature.

The significant contribution of covalent bonding to the . LTy
Rb/Si(001) chemisorption system suggests that there might -1
be significant distortions in the dispersion of theand 7 /

surface state bands in comparison with those of the clean I ]
surface. In order to confirm this prediction we calculated the

surface electronic band structure of the substrate of the

1.0 ML Si(001)2x 1-Rb system by removing the Rb atoms  FIG. 4. Electronic structure of the substrate of th¢081)2
from the chemisorbed surface, but leaving all of the silicon’ 1-Rb system at 1.0 ML coverage in the vicinity of the Fermi
atom positions unchanged. The resulting energy bands in tHnergy. The continuous lines indicate the energy bands for the re-

vicinity of the energy gap are indicated by the Continuousconstructed clean §I01) substrate while the squares and triangles

. : . . * o . denote the occupiedr and 7" surface states, respectively, for the
lines in Fig. 4. The occupiedr and = Si dangling bond ) ) .
molecular orbitals of the §901)2x 1-Rb system at 1.0 ML Si(00)2 X 1-Rb system at 1.0 ML coverage. Filled symbols indi-

| h in Eio(ds indicated by th cate surface states whose contribution from the upper rubidium
coverage are also shown in Fig(ds indicated by the sym- atom[Rb(A)] is at least twice that from the lower rubidium atom

bpls),', Filled symbols indicate surface states V,Vh'Ch have "’be(C)], while empty symbols indicate surface states for which the
significant contribution from the upper rubidium atom joer rybidium atom makes a contribution at least twice that of the
[RB(A)], while empty symbols indicate surface states forypner rubidium atom. Surface states with similar contributions from
which the lower rubidium atorhRb(C)] makes an important  poth rubidium atoms are denoted by symbols which are both black
contribution. Surface states with comparable contributionsind white. The energy bands of the substrate have been shifted
from both rubidium atoms are denoted by symbols containdownward to match the calculated @1)2 X 1-Rb results at thé

ing both black and white. Comparing theand 7 surface  point of the SBZ.

xR
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(®)
—

(filled symbols in Fig. 4 have quite similar dispersion to the
corresponding surface state bands of the clean reconstructed
substrate. The dispersion of the occupied surface states asso-
ciated with the lower Rb atortempty symbols in Fig. 4 on

the other hand, differ significantly from those of the clean
substrate. The effect of the lower Rb adatom on the disper-
sion of the surface state bands is clearly seen in the vicinity
of the high symmetry points of the SBZ. Near thend J’
symmetry points ther' band for the chemisorbed surface
deviates significantly from that of the clean reconstructed
substrate while ther band follows the dispersion of the
clean substrate. In the vicinity of th€ and I' symmetry
points the situation reverses—the€ band follows the dis-
persion of the reconstructed clear{@Il1) surface while the

7 band deviates significantly from that of the clean substrate.
The most drastic changes in the dispersion of the surface
bands are observed near thepoint along theJ-T" and J'-

I' symmetry directions where the band for the chemi-
sorbed surface disperses strongly downward. This behavior ) AAR ) .
is very different from that observed for the clear{(®i1)2 -15 -10 z's(A)o 5 <15 -10 Z-S(A)O 5
X1 surface. It is known that ther band of the clean

Si(001)2X 1 surface is dispersive along the Si dimer row FIG. 5. Side and top views of the 3D charge density distribu-
(I'-J’ direction but almost completely flat along the perpen- tions, and the corresponding,(2), for the valence band surface
dicular dimer-row directior(I’-J). This is a reflection of the states of the $001)2x 1-Rb system at 1.0 ML coverage indicated
fact that for the clean 89001)2% 1 surface the interaction in Fig. 2(c) by (a) the empty diamonds an() the asterisks. The
between dimers in the same row is substantially strongeplots in(a) are for thel’ point of the SBZ while those itb) are for
than that between neighboring dimer rows. As we have seeitheJ point. The charge density isosurface value for both plots was
the observed uniform downward dispersion of theurface ~ 0-8% 1072 e/A%.

band along both thd-I" and J'-I" symmetry directions for

the Rb/S{001) chemisorbed system is due to the lower ru-

bidium adatoms chemisorbed at the valley bridgs sites.  '€ft arrovyheads, crosses, and solid diamonds. The low-lying
This would indicate that it is predominantly the lower ru- Unoccupied surface states result from the presence of the Rb

bidium adatomgRK(C)] of the Rb/S{001) system which adatoms. Due to the significant covalent character of the
mediate the interaction between the Si dimers of the chemiRP-Si bonds, however, these states can be described as com-
sorbed surface in both tH&-J andT’-J’ directions. binations of the Rb atomic orbitals and orbitals associated

The occupied electronic surface states denoted by thwith the Si dimers. The states indicated by the right arrow-
empty diamonds and asterisks in Figc)2represent the sili- heads in Fig. &) are thus combinations of orbitals from the
con dimero bond surface states, and the first silicon backupper rubidium atom§Rb(A)] and thew Si dimer dangling
bond states, respectively. Comparison with the surface staté®nd orbitals. 3D probability density plots for this unoccu-
of the clean surface shows that the energy and dispersion pied surface state at tiepoint of the SBZ, together with the
these two occupied surface states is little affected by theorresponding(z), are shown in Fig. @&). The dominant
presence of the Rb adatoms on the surface. 3D charge deoentribution to the probability density is observed to come
sity plots for the silicon dimer bond surface state at t#¢  from well above the silicon dimer atoms. 3D probability den-
point of the SBZ is plotted in Fig.(®). Comparing Figs. @) sity plots for the unoccupied surface state at dhgoint of
and Zc) along thel-J, symmetric direction, it is apparent the SBZ represented by the left arrowhead in Fig),2are
that both the first silicon back bond, and the silicon dirmer presented in Fig. ®). These unoccupied surface states are
bond, surface state bands correlate extremely well with theombinations of orbitals from the lower rubidium atoms and
third (lowest energyARUPS surface state band reported bythe 7" silicon dimer dangling bond orbitals. Again, the main
Chaoet al3° Of these two surface states, however, only thecontribution to thep,(2) is seen to come from well above
silicon dimer o bond surface state is not found near fhe the surface. Analysis of the nature of these orbitals has
point of the SBZ, in agreement with experiment. This indi- shown that the contribution from the Si dimer dangling
cates that theC; surface state band determined by Cleio bond orbitals to the lowest unoccupied surface state is very
al.*%is indeed the silicon dimer bond surface state, as they significant in the vicinity of thel’ point of the SBZ, but
originally suggested. Plots of thg,(2) function and charge decreases steadily along thel-K andI'-J’ symmetric di-
density for the first silicon back bond surface state atxhe rections, to become negligible along tKeJ’ symmetric di-
point of the SBZ are presented in Figbh rection. The lowest unoccupied surface states which are rep-

In addition to the occupied surface states, our calculationsesented by the crosses in FigicRthus have little or no
have also identified a number of unoccupied electronic sureontribution from the Si dimer bonds, but have significant
face states. These are indicated in Fig) Dy the right and  contributions from the upper rubidium and subsurface silicon

02 B )
02 -

]

p(z)

01 01l .
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@) (d)

FIG. 6. Side and top views of
the 3D probability density distri-
butions, and the corresponding
prk(2), for the empty band surface
states of the $001)2 X 1-Rb sys-
tem at 1.0 ML coverage indicated
in Fig. 2c) by (a) right arrow-
heads, (b) left arrowheads,(c)
crosses, andd) solid diamonds.
The first two plots[(a) and (b)]
are for theJ point of the SBZ,
while (c) and (d) are for the
K-point and a wavevector be-
tweenJ and K, respectively. The
LY U LN L LAY B probability density isosurface
- X | o2 - value was 1.0& 102 A3 with
] Soif 1 2.k ] the exception ofc) for which this
; i T - - value was 0.5% 1072 A3,

p(z)

ol 1 Pl | nla LI N 1
%15 -10 5 0 5 10 S5 -10 -5 0 5 10 915 -10 5 0 5 0
z(A) z(A) z(A)

atoms, as shown in Fig.(§. The final unoccupied surface IV. SUMMARY
states that we have identified are denoted in Hg) By the In this paper we have investigated the atomic and elec-

solid diamonds. These are combinations of the atomic orbitg. | . <tructure of the $001)-Rb system at 0.5 and 1.0 ML

als of the lower Rb atoms and the anti-bondingoSidimer coverage using the plane wave pseudopotential DFT method
bond molecular orbitals. 3D probability density plots for this contained in thanse code. It has been found that at 0.5 ML

surface state band for a wavevector along i€ symmetry _ .
direction of the SBZ are given in Fig(®. coverage the atomic and electronic structures of the Rb

The predicted dispersion of the low-lying unoccupied sur-chémsorption system are very similar to those of the Li
face states is in excellent agreement with the parabolic-lik€hemisorption system. The minimum energy configuration of
dispersion of the IPES surface states obtained along th&€ S{00D)2X2-Rb system at 0.5 ML corresponds to the
I'-J andI'-J’ symmetric directions by Johannsenhal3![see  two Rb adatoms in each>22 SUC occupying sites close to
Fig. 2(b)]. As stated earlier, this free-electron-like behaviorthe pedestal and valley bridge sites. The predicted minimum
led Johannsoret al. to conclude that there must be strong energy structure for the 01)2X 1-Rb chemisorption sys-
Rb-Rb interactions within the overlayer. Our calculations,tem at 1.0 ML coverage has been found to be in good agree-
however, indicate that the low-lying states indicated by thement with the XSW data, and the calculated electronic sur-
right arrowheads in Fig. (), which include mainly contri- face states shown to correlate extremely well with the
butions from the upper rubidium, and the states denoted bARUPS and IPES experimental results. The bonding be-
the left arrowheads, which only involve the lower rubidium yyeen the Rb adatoms and the underlying Si substrate atoms
atoms, represent two essentially noninteracting, surface stafs peen determined to be neither ionic nor covalent. No

bands. Analysis of these bands shows that they represent tv&idence has been found for strong Rb-Rb interactions and
distinct modes resulting from interactions between the RRnhe formation of a metallic overlayer.

adatoms and the substrate, rather than between the Rb ada-
toms themselves. In Fig. 7 we have plotted the electronic
structure of the isolated overlayer of the(®1)2x 1-Rb 5
chemisorption system and compared it with lowest-lying un- 4
occupied surface state bands of the chemisorbed system. We R
observe, as expected, that the Rb-Rb interactions within the < SF
T 2
1
0

M%
isolated overlayer result in a parabolic dispersion of the 883
bands. The upper and lower Rb adatom-surface interactions “
in the S{001)-Rb chemisorption system, however, are ob-
served to be strong enough to drastically reduce the disper-
sion of the Rb-Rb “overlayer” bands along theJ, J-K, and 2.
I'-J’ symmetry directions relative to that of the isolated Rb T I E r r
overlayer, and give rise to bands which are much less disper-
sive. Our calculations thus indicate strong interactions be- E|G. 7. The electronic band structure of the isolated Rb over-
tween the Rb adatoms and the substrate for the lowest unogayer of the Sj001)2x 1-Rb chemisorption system at 1.0 ML cov-
cupied surface state bands, but provide little support foerage (full lines) compared to the low-lying unoccupied surface
strong interactions between the rubidium atoms within thestates of the chemisorbed system. The two sets of bands were
overlayer, as suggested by Johanssbal3? moved to match at thé point of the surface brillouin zone.
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