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Ab initio plane-wave pseudopotential density functional th&@yT) calculations have been carried out to
determine the atomic and electronic structure of the KUEI) V3x \3R30™-B adsorption system at 1/3 mono-
layer coverage. Chemisorption of the potassium atoms has been found to leave the topology and bonding
structure of the $IL11) \5_3>< V3R30™-B substrate essentially unchanged. The results also show that the lowest-
energy K/S{111)v3 X \3R30'-B structures are very similar to the most energetically favorable geometries for
the K/S(111)7 X 7 chemisorption system. The minimum energy configuration has been found to be a structure
in which the potassium atoms are positioned near the hdllgwites, the boron atoms occupy the subsurface
S; positions, and the silicon adatoms are located affthsites. The electronic structure of this lowest-energy
K/Si(111) \s“§>< \5§R30°-B configuration has been found to be metallic.
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[. INTRODUCTION The energetics of stable atomic structures for the
K/Si(111)7x 7 chemisorbed surface was investigated by
. ) . Cho and Kaxirag* Based orab initio total-energy calcula-
V'de. ideal prototype systems fo_r : studying - metal-y;, o they found that the Si adatom and rest atom on-top
semiconductor adsorbate systems. This is because AM atoraang“ng bond sites were the highest-energy adsorption sites

are monovalent and hence there is a high probability thak,q'that the high-coordination hollow sites were more stable
stable, single bonds between the adatoms and substrate s{j; 0.83 eV and 0.34 eV, respectively. Similar behavior for

con atoms will be formed. Despite, however, the relativepotassium chemisorption on the idea(il)1x 1 surface
simplicity of AM-silicon systems and the large amount of yas reported by Huaxiang and L#gwho found that the
research that has been devoted to them, a comprehensikgyh coordinationT, andHs hollow sites(above the fourth-
understanding of the most stable atomic configurations anghyer silicon atompwere approximately 0.3 eV more stable
their associated interactions and bonding characteristics stilhan the dangling bond on-top sites. Recent Scanning tunnel-
remains to be achieved. ing microscopy (STM) studies of Na adsorption on the
The most widely studied alkali metal on silicon surfacesSi(111)7 X 7 surface have revealed that at low coverage the
has been potassium. Most of these studies have focused dla adatoms are invisible to STM, although the adsorption
the S{001)-K chemisorption systetn'® and comparatively enhances the brightness of the Si adatéhEhis has been
little work has been devoted to the interaction of potassiunexplained by rapid diffusion of the Na adatoms resulting in
with the (111) surfaces of silicon. It is well known that the an averaging of the STM imag€.This interpretation was
most stable reconstruction of the idea(13i1)1 X 1 surface based orab initio total-energy calculations which predicted
is the S{111)7 X 7 surface. When boron atoms are chemi-that the lowest-energy sites for the Na adatoms on the
sorbed on the §111) surface at 1/3 monolaygML) cover- ~ Si(111)7X7 surface were located in the “basins” surround-
age, however, a §i11) 3% \3R30"-B reconstruction is ob- ing the rest atoms, analogous to the results obtained for the
served. Both the experimental d¥t&! and theoretical K/Si(111)7x7 system by Cho and Kaxird$.
calculationd®22 suggest that the boron atoms within this  High-resolution core-level x-ray photoemission studies by
v3X {3R30" reconstructed surface are chemisorbed at théVla et al2’ of potassium chemisorption on the(811)y3
subsurfaceS; sites—that is, at the fourfold-coordinated x \3R30°-B surface have shown a large core-level shift of
second-layer sites directly below the silicon adatoms sitting~1.2 eV for both the BLs) and Si2,) states. The authors
at the threefold coordinated, surface positions. Since the interpreted these large shifts in terms of a significant charge
boron atoms are chemisorbed below the surface, the localansfer from the potassium atoms to the Si-substrate
atomic structure of the §i11)y3x3R30-B(S;) recon-  dangling-bond state. Gretet al28 studied the case of a sub-
structed surface is very similar to the Si adatom topology oimonolayer coverage of potassium on the(1$1)y3
the S{111)7x 7 surface. The electronic structures of thesex \3R30"-B surface using angle-resolved photoelectron
two surface topologies, however, are substantially differentspectroscopy and found that deposition of potassium leads to
Moreover, in contrast to the clean($11)7x 7 surface, the  the formation of a localized electronic state 0.7 eV below the
Si(111)v3X y3R30-B(S;) substrate should be chemically Fermi level. The energy position of this state was also found
inert as there is no charge left on the dangling bond of the Sio exhibit little dependence on the actual potassium cover-
adatom at theT, site?® These observations suggest thatage. Angle-resolved photoemission studies of the
somewhat different behavior might result from the chemi-K/Si(111)7x 7 and K/S{111)y3x \3R30™-B interfaces by
sorption of potassium onto these two semiconducting surweiteringet al?®3indicated that both systems are semicon-
faces. ducting at room temperature and saturation coverage. A dis-

Alkali-metal- (AM-) silicon chemisorption systems pro-
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persionless K-induced surface state was observed to occur TABLE I. Total oenergies (in eV) of the six optimized
below the Fermi level for both surfaces. Weiterigigal 2%3°  K/Si(111)y3X y3R30-B chemisorption structures relative to the
also carried out low-energy electron diffractitEED) stud- ~ energy of the KT)Si(T,)B(S;) topology, obtained using ultrasoft
ies of the K/ Si111)y3x y3R30"-B surface and found that (US) and PAW pseudopotentials.

the V3X y3R30" reconstruction persisted following chemi-
sorption of the potassium. Based on these data and the angle-  Structure AE (US) AE (PAW)
resolveq ultraviolet photo_emjssion spectro_scc(mRUPS) K (H3)Si(T,)B(Sy) 0.949 0973
electronic structure which indicated that their observed back- K(T,)SiT,B(S) 0842 _0874
bond surface state on the/3Xy3R30 potassium- 4 4 ' '

chemisorbed surface was the same as for the CleanK(T“)S'FT“,)B(Sf’) —0.072 —0.134
Si(111)3x \V3R30™-B surface, they concluded that the po- K(TVSi(T)B(S) 0 0

tassium atoms were most likely bonded directly to the K(H3)Si(S)B(T4) 0.496 0.459
dangling-bond orbitals of the silicon adatoms. K(T1)Si(S5)B(T,) 0.854 0.822

To the best of our knowledge there have been no theoret
ical studies carried out to determine the atomic and elec- o _ _
tronic structure of the K/$111)y3x y3R30-B chemisorp- total-engrgy geometry optimization calculations fo'r a variety
tion system. The goal of this paper is to report the results Opf_trﬁ)_os?;]ble Sp;’ﬂ'ogsx f%R;hO? garco:n Sa_nd Fota;ssmm atoms
accurate first-principles density functional the@BFT) cal- within the S{111)y3x Y - SIX structures were
culations of this system at 1/3 ML coverage. It will be found to be stable. In each case, the lowest-energy sf[ructure
shown that the minimum-energy structure corresponds to theP'Tesponded to an equal number of up and down-spin elec-

potassium atoms chemisorbing at the high-coordinatian trons so that the net magnetic moment is zero. The relative
hollow sites rather than being singly bonded to the silicontotal energies of these six structures are given in Table I, and

adatoms at theT, sites. The electronic structure of this (h€ corresponding optimized geometries are presented in

minimum-energy structure has also been calculated anfigs. 1-6. The details o_f the_geometries for the three lowest-
shown to be metallic. energy structures are given in Tables Il and Ill. These results

Il. METHOD AND PROCEDURE (a)
All of the calculations have been carried out using dlhe @® Katom (] Siadatom
initio total-energy and molecular dynamics progransp ® Batom O 1stlayer Siatom
(Viennaab initio simulation packagewhich is based on the .
DFT pseudopotential plane-wave methidef3 Fully spin- O 2ndlayerSiatom
O  4thlayer Siatom

soft (US) and PAW pseudopotentidfsfor all of the compo-
nent atoms within the periodic slab unit cell. The Kohn-
Sham equations have been solved using six sp&gmdints

in the irreducible symmetry element of the surface Brillouin
zone (SB2) of the S{111)y3x V3R30" surface unit cell
(SUQ) and employing plane waves with kinetic energies up
to ~20 Ry. Our periodic slab consisted of eight layers of
silicon, together with hydrogen atoms below the bottom
layer silicon atoms to saturate the bulk dangling bonds, and a
vacuum region of~20A. The top four layers of the slab plus
the chemisorbed potassium atoms were allowed to vary, and (b)
the minimum-energy structure was found by minimizing the
forces using the Hellmann-Feynman theorem. The band

. . : y
polarized calculations have been performed using both ultra- ’|‘
X

structure for each optimized structure was obtained by cal- K(H,) K(H,)
culating the energy eigenvalues along the main symmetry ® si(t) @
directions of the SBZ. The nature of the various electronic Si(1b)  Si(lc)
states was determined by calculating their associated charge z 0 2 o Si(2a)
and probability density distributions argpdsite-projected N
wave function character using thesp programsl-33
LX & 5HSi(3a)
lIl. RESULTS AND DISCUSSION S4a)

A. Atomic structure ) ) o
FIG. 1. Top(a) and side(b) views of our minimum-energy

rASSLmir]’g, in accordance with the experiments, that thetructure for the K/SiL11)\3x V3R30-B chemisorption system
V3% 3R30 reconstruction is retained after K chemisorptionfor 1/3 ML coverage. As in all subsequent figures, th8
on the S{111)3x y3R30-B surface, we have performed x\3R30 surface unit cell is indicated by the dashed lines.
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FIG. 3. Top(a and S|de(bl views of the KT,)Si(T)B(Ss5)
structure of the K/SiL11)y3 X y3R30'-B chemisorption system for
1/3 ML coverage.

FIG. 2. Top(a) and side(b) views of the KT1)Si(T,)B(Ss)
structure of the K/SiL11)y3 X v3R30'-B chemisorption system for
1/3 ML coverage.

have been obtained using both US and PAW pseudopotert@ our value of 0.97 eV obtained for the(Ky)Si(T,)B(S;)
tials. As the values obtained from both pseudopotentials argtructure on the K/$111)\3x {3R30"-B surface.
very similar, only the PAW results will be discussed in the Our  second lowest-energy  structure is  the
following text. K(T,)Si(T,)B(S;) geometry shown in Fig. 3. In this struc-
The two lowest-energy structures have been found to reture, the boron atoms sit at the subsurf&sites, the silicon
tain the topology of the substrate after chemisorption of thesurface atoms occupy thg, sites, and the potassium atoms
potassium atoms. The structure shown in Fig. 1 was found tére chemisorbed close to tffg threefold-coordinated sites
be most energetically stable. In this configuration, the boronwhich are positioned directly above the second-layer silicon
atoms replace the silicon atoms sitting at the subsurace atoms. These latter sites are equivalent toThsites occu-
sites, the silicon atoms occupy tfig adatom sites, and the pied by the silicon adatoms. The(K))Si(T,)B(S;) structure
potassium atoms chemisorb in the vicinity of tHg hollow is 0.10 eV less stable than our minimum-energy
sites [K(H3)Si(T,)B(Ss)]. The energy of this structure has K(H3)Si(T,)B(Ss) topology but 0.87 eV more stable than the
been found to be 0.97 eV lower in energy than the on-topn-top K(T;)Si(T4)B(S;) configuration. A very similar
K(T,)Si(T,)B(S;) structure shown in Fig. 2. This latter struc- T,-like K-adatom structure has also been discussed by Cho
ture was suggested by Weiteriegal 2%°as the most likely ~and Kaxirad* for the K/S(111)7X 7 surface. In fact, this
structure for the K/Sil11)43X V3R30-B chemisorption  structure was found to be the most stable geometry for the
system at 1/3 ML coverage. The (HK3)Si(T,)B(S) K/Si(111)7 X 7 chemisorption system with an energy 0.02
minimum-energy structure is very similar to the second low-eV lower per 7<7 SUC than that for thed; hollow site
est stable structure found by Cho and Kaxifafor the  topology.
K/Si(111)7 X 7 system in which the K adatom is also chemi-  Calculated values for some of the atomic relaxations and
sorbed near thél; hollow site. Interestingly, the energy for bond lengths of our lowest-energy(Hs)Si(T,)B(Ss) struc-
the case in which the K adatom is chemisorbed directiyture and the clean Gi11)\3x 3R30-B surface are pre-
above the Si adatom at tfig site of the S{111)7 X 7 surface  sented in Table II. It is also interesting to compare the geom-
was found by Cho and Kaxiras to be 0.83 eV higher than foretry of our minimum-energy KHs)Si(T;)B(S;) structure
K chemisorption near thel; hollow site. This is quite close with that of our second lowest-energy configuration
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FIG. 4. Top (a) and side(b) views of the KT,)Si(T,)B(S;) FIG. 5. Top(a) and side(b) views of the KH3)Si(S5)B(T,)
structure of the K/§L11)y3x y3R30-B chemisorption system for  strycture of the K/SiL11)y3 x V3R30’-B chemisorption system for
1/3 ML coverage. 1/3 ML coverage.

[K(T2)Si(Ty)B(S)]. These data are presented in Table Ill. are determined to be 0.22 A higher than the adatoms on the
The distances between the subsurfad&Batom and the clean S{111)\3x V3R30-B surface?® The distances be-
underlying third-layer silicon atom for these two structurestween the SiT,) adatoms and the underlying &) atoms of

are almost the same at 2.00 A and 2.01 A, respectively. Both 28 A and 2.23 A for the KH3)Si(T,)B(S;) and

of these values are fairly close to.thg_valq_e of 1.98 A for thex (T})Si(T,)B(S;) structures, respectively, are also longer
same bond length on the clear(Bi])y3X v3R30B surface  than the corresponding distance of 2.18 A for the clean
(see Table Il. The bond lengths between th¢S) atom and  sj(111),3x \3R30™-B substrate. The average distance be-
the three neighboring first-layer silicon atoms are also quiteyeen each $T,) adatom and its three neighboring first

similar for these two structures and were determined t0 bgyer sjlicon atoms is 2.44 A for both structures, which is
2.01 A, 2.09 A, and 2.09 AK(Hy)Si(T,)B(S;)] and 2.03 A, again longer than the corresponding distance of 2.36 A for

2.12 A, and 2.10 ,B[K(T_Q)Si(D)B(%)]. The corresponding  the clean Si111)y3x \3R30™-B surface?® These observed
distances for the §111)y3x y3R30-B structure are 2.03 A, changes in the §T,) bonding structure suggest that some
2.12 A, and 2.08 A. These data demonstrate that, for the twoharge is transferred from the potassium atom to the sub-
lowest-energy structures, the chemisorption of potassium ostrate. This is consistent with the high-resolution x-ray pho-
the S{111)V3x y3R30-B surface does not significantly toemission studies of Mat al?” Similar results have been
change the topology of the substrate. These results are coreported for the Na/$111)7X7 chemisorption system
sistent with the experimental data of Weiterieigal >>°who  where enhanced brightness of the Si adatoms in the filled-
found that the backbond surface state which they observestate STM images was attributed to charge transfer from the
on the V3x y3R30" K-chemisorbed surface was essentially chemisorbed Na atoms to the neighboring Si adat&ms.

the same as for the (5111)\£§>< V3R30™-B surface. Similar The vertical distances between the chemisorbed potas-
conclusions were obtained by Mgt al?’ from their high- sium atoms and the ideal positions of the first-layer silicon
resolution core-level photoemission measurements. atoms for the KH3)Si(T4)B(S;) and K(T,)Si(T4)B(Ss) con-

The surface topologies of these two lowest-energy configurations are 2.05 A and 2.20 A, respectively. The bond
figurations are, however, clearly different to that of the clearlengths between each potassium atom and its three neighbor-
surface. The silicon adatoms at thegsites of both structures ing first layer silicon atoms are found to be asymmetric for
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geometry, however, the asymmetry of the K¢8ist-layer
bond lengths that we observed for the two lowest-energy
structures has been significantly reduced with these bond
lengths now being 3.27 A, 3.22 A, and 3.27 A. The average
distance between the ($j) adatom and the neighboring
first-layer Si atoms of 2.61 A is also 0.17 A longer that the
corresponding value for the two most stable structures. In
addition, the boron atom is sitting much cloger0.3 A) to

the surface and there is significantly more buckling in the
second and third layers.

The other two stable structures that are characterized by
significant reconstruction of the substrate have the boron at-
oms sitting at thél, adatom positions rather than occupying
the subsurfaceS; sites. The KH3)Si(S5)B(T,) structure,
shown in Fig. 5, is 0.46 eV higher in energy than the on-top
K(T,)Si(T,)B(S;) geometry. In this topology, the potassium
and boron atoms sit at two different, but equivalent,
threefold-coordinated sites, while the Si “adatoms” occupy
the subsurface S; positions. The second structure
K(T,)Si(S)B(T,) is shown in Fig. 6. The total energy of this
structure is 0.82 eV higher than the(K)Si(T,)B(Ss)
geometry. In this topology, the boron atoms again sit at the
T, sites while the potassium atoms are located at the on-top
T, sites. The fact that these two structures are significantly
less stable than all of the(Bs) topologies is strong evidence
that the boron atoms will remain at the subsurf&esites
following the chemisorption of potassium on the(12i1) 3
X 3R30°-B surface at 1/3 ML coverage.

Si(4c)

FIG. 6. Top(a) and side(b) views of the KT;)Si(S5)B(T,) B. Electronic structure
structure of the K/SiL11)y3 X v3R30'-B chemisorption system for

Electronic structure calculations have also been carried
1/3 ML coverage.

out for the three lowest-energy structured)Si(T,)B(S;),
the two structures and were predicted to be 3.47 A, 3.03 AK(T,)Si(T,)B(S;) and K(T,)Si(T,)B(S;) that we have deter-
and 3.45 AK(H3)Si(T,)B(S;)] and 3.41 A, 3.31 A, and 3.54 mined for the K/Si111)y3x 3R30™-B chemisorption sys-
A [K(T})Si(T,)B(S;)]. Moreover, the distance between eachiem at 1/3 ML coverage. The energy bands obtained from
potassium atom and its nearest(1g) adatom for the cgjculating the eigenvalues in the vicinity of the energy gap
K(H3)Si(T,)B(S;) structure is just 3.16 A, while for the for 20k points along thd'—=K-M-T' symmetry directions
K(T,)Si(T4)B(S;) structure it is 3.81 A. Itis clear from these of the V3% \3 SBZ are shown in Figs.(@-7(c). Also plot-
results that these minimum-energy structures prefer to forneed for comparison in Fig.(d) is the electronic structure of
unequal bonds between each potassium atom and its neigthe clean Si111)y3 X V3R30 -B surface where th& atom
boring silicon atoms. also occupies th&; subsurface sité&®

In addition to these two lowest-energy structures and the The extent of the contribution of the potassium adatoms
K(T)Si(T4)B(S;) on-top configuration, we have found three to the various states of our lowest energgHg)Si(T,)B(Ss)
other structures that are energetically stable. In all three oftructure is indicated by the different sized circles in Fig.
these structures, there is significant reconstruction of the sulfa). The smallest solid circle represents a state to which
strate. One of these structures corresponds to interchangirgich potassium adatom contributes at least 5% of the total
the Si adatoms and potassium atoms in th&Si(T,)B(S;)  charge, while the largest solid circle denotes a state where
structure discussed above. ThiTi)Si(T,)B(Ss) configura-  the potassium contribution i540%. This information has
tion, which is our third lowest-energy structure, is shownbeen obtained from thepdsite-projected charge and prob-
in Fig. 4. This topology has been found to be 0.13 eVability densities provided by theasp program. While the
more stable than the on-top (K)Si(T,)B(S;) topology, influence of the potassium adatoms is much more significant
but 0.84 eV higher in energy than our minimum-energyfor the conduction-band states, as one would expect, we ob-
K(H3)Si(T,)B(Ss5) topology shown in Fig. 1. Many of the serve that there is an interaction with some of the valence-
relaxations and bond lengths of thigK)Si(T;)B(S;) con-  band states.
figuration (which are also presented in Table)ldre very Comparison of the band structures of the three lowest-
similar to the corresponding values for the two lowest-energyenergy  K/S{111)y3x y3R30-B  structures in Figs.
K(H3)Si(T,)B(S;) and K(T,)Si(T,)B(Ss) structures. In this 7(@)-7(c) shows that they have very similar valence-band
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TABLE Il. Atomic relaxations and bond IengthSm A) of our optimized geometry for the
K(H3)Si(T4)B(S;) structure of theK/S|(111)\3>< V3R30™-B chemisorption system for 1/3 ML coverage. The
z coordinate is normal to the surface. Thg) andzg;) are defined relative to thecoordinate of the ideal
first layer, and theAx, and Ay, are defined relative to the ideal position of the underlying fourth-layer
silicon atom. All of theAz are with respect to the corresponding ideal silicon atowalues with the
exception ofAzgja) Which is defined relative to the ideal adatom posmon assuming a Si-Si bond length of
2.33 A. Values obtained from both theory and experiment for th@13)/3 X \3R30'- -B(S) configuration
are also given for comparison.

K (Hs)Si(T,)B(S5) Si(111)43% V3R30°-B(S,)
us PAW Theory Expt? ExptS Exptd
Zw) 2.03 2.05
AX) 0.56 0.57
Ayi) 0.40 0.40
Zsin) 117 1.20 0.98
AZgin 0.39 0.42 0.21 0.25+0.1
AZsira ~0.33 ~0.31 —0.45
AZs(1p) —-0.42 -0.39 -0.38 -0.30£0.1 -0.17+0.2
AZsirg) -0.23 —0.21 ~0.38
Azg -0.31 -0.30 —-0.42 -0.50+0.1
AZsiaa ~0.02 ~0.01 ~0.04 00
AZsiap) ~0.02 —0.01 ~0.03
AZgig 0.03 0.04 ~0.08 -0.34%0.1
dy-sicia) 3.46 3.47
dy-sic1n) 3.03 3.03
dy-sicio) 3.46 3.45
dsia)-sita 2.46 2.46 2.38
dsin)-sith 2.39 2.40 2.35 2.336
dsia-sio) 2.45 2.45 2.36
dsia-e 2.27 2.28 2.18 2.14+0.13 2.320
dsicia-s 2.01 2.01 2.03
dsicib)- 2.09 2.09 2.12 2.21+0.13 2.154
dsi1o-e 2.09 2.09 2.08
dsize-6 1.99 2.00 1.98 1.98+0.04 2.190
dsia5 3.55 3.56 3.50 3.53+0.09
Zsi5) 28 5.13 5.14 5.02 5.20+0.20
Zsio-Zs 0.31 0.315 0.405 0.49+0.35
Ze-Zsia) 2.04 2.04 1.945 1.90+0.16

aReference 23.
bReference 36.
‘Reference 37.
dReference 38.

electronic structures. Moreover, the valence-band structurdscalized backbond surface states involving strong bonding
of these three structures are very similar to that of the cleabetween the first-layer silicon atoms and the boron atoms at
Si(111)3X V3R30’-B surface shown in Fig. (@). This is theS; subsurface sites. These states are indicated by the solid
consistent with the observation of Grelgt al?® that the circles in Fig. 7d). Two backbond surface state bands are
filled states are little affected by K adsorption. The mostalso observed in the vicinity of th€ point, the upper of
significant effect of the chemisorption of potassium on thewhich is a continuation of th&-M surface state bands and
valence-band structure of our two lowest-energy structures ithe second of which involves bonding between theTJi

an overall lowering in energy of the two occupied surfaceadatoms and the adjacent first-layer atoms. Detailed analysis
state bands along tH&-M symmetry direction and to a pro- of the nature of the wave functions for our lowest-energy
gressively lesser extent, along thel" and M-I" symmetry  structure for the K-chemisorbed surface has shown that these
directions. These states were shown in our earlier work obackbond surface states remain following K adsorption and
the clean Sllll)\SX V3R30-B surfac&® to be well- are only shifted downward in energy by0.05 eV. These
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TABLE lIl. Atomic relaxations and bond lengthim A) of the K(H3)Si(T4)B(Ss), K(T,)Si(T4)B(Ss), and
K(T4)Si(T,)B(Ss) optimized structures for the K/Qi11)3 X V3R30°-B chemisorption system for 1/3 ML
coverage. The definition of the various parameters is the same as in Table II.

K(H3)Si(T4)B(S) K(T,)Si(T4)B(S) K(T4)Si(T})B(S)
us PAW us PAW us PAW
7 2.03 2.05 2.19 2.20 2.22 2.23
Axg 0.56 0.57 0.06 0.06 0.01 0.01
Ay 0.40 0.40 ~0.19 -0.20 -0.11 -0.11
Zsin) 1.17 1.20 1.18 1.20 1.22 1.23
AZgin 0.39 0.42 0.40 0.43 0.44 0.46
AZgi1a) ~0.33 -0.31 ~0.33 -0.31 -0.23 -0.21
AZgiap) ~0.42 -0.39 -0.31 ~0.29 ~0.26 ~0.24
AZgi1 ~0.23 -0.21 ~0.25 -0.23 -0.34 -0.32
Azg -0.31 -0.30 ~0.27 -0.25 0.02 0.04
AZgz0) ~0.02 -0.01 0.00 0.01 0.05 0.06
AZgap) ~0.02 -0.01 ~0.08 -0.07 -0.42 -0.42
AZgia0 0.03 0.04 0.07 0.08 0.27 0.28
dk-si1a) 3.46 3.47 3.54 3.41 3.28 3.27
dy-sic1) 3.03 3.03 3.42 3.31 3.22 3.22
dk-sic1o 3.46 3.45 3.31 3.54 3.23 3.27
dsica)-sita) 2.46 2.46 2.45 2.45 2.63 2.62
dsica)-sici) 2.39 2.40 2.42 2.43 2.59 2.58
dsica)-siio 2.45 2.45 2.44 2.44 2.65 2.64
dsica)-5 2.27 2.28 2.22 2.23
des 2.98 2.97
dsic1a-8 2.01 2.01 2.02 2.03 2.16 2.09
dsic10)-8 2.09 2.09 2.12 2.12 2.08 2.16
dsic1o-B 2.09 2.09 2.09 2.10 2.13 2.14
dsicae-B 1.99 2.00 2.00 2.01 2.09 2.09
Zsi0)-Z8 0.31 0.31 0.29 0.30 0.07 0.07
Zsi(o0)-Z8 0.31 0.32 0.18 0.17 -0.51 ~0.52
Z5-Z5i30) 2.04 2.04 2.06 2.07 2.30 2.31
Z5-Z5ian) 2.04 2.04 2.15 2.15 2.78 2.80

results are entirely consistent with the angle-resolved x-raylownward in energy due to interaction with the potassium
photoem|SS|on _experiments of Grekht al?® on the adatoms. These states are represented by the solid triangles
K/Si(111)y3x \3R30™-B surface which showed the occur- and diamonds in Fig. (@) and correspond to surface states
rence of two backbond surface states close toltmint of  associated with the Gi,) adatom dangling bonds and cou-
the V3% 3 SBZ about 1.9 eV and 2.2 eV below the Fermi pling between the Si adatoms and the underlying boron at-
energy. These backbond states, which they also observed foms, respectively. The magnitude of the downward shift is
the clean S{|111)\3>< V3R30°-B surface, were found to be clearly different for each of the three structures, however,
largely unaffected by the K adsorption. Weiteriagal2°3°  with the energy gap between the resulting half-filled energy
also found a backbond state for the clean(18D)\3  band and the next fully occupied band being 0.29 eV for the
X \3R30™-B surface about 1.9 eV below the Fermi energy atlowest-energy structure and 0.26 eV and 0.03 eV for the
the I point of the SBZ which persisted upon K adsorption. second and third lowest-energy structures, respectively. This
This surface state was predicted, however, to shift downwarib to be compared Wlth the correspondlng value of 0.61 eV
in energy by around 0.3 €d7:%° Charge density plots for the for the clean Si111)/3x V3R30™-B surface. We also observe
lower- energy backbond surface state of our lowest-energthat the dispersion of the lowest-energy unoccupied band re-
K/Si(111)y3x y3R30-B structure are presented in Figs. mains essentially unchanged following K adsorption at
8(a) and §b). around 0.6 eV, while the dispersion of the second lowest
Comparison of Figs. (8)-7(c) with Fig. 7(d) shows that ~conduction band is significantly reduced from 0.9 eV for the
the two lowest conduction-band states of the clearclean Si111)y3x V3R30™-B surface[Fig. 7(d)] to ~0.5 eV
Si(111)y3x \3R30-B surface are shifted significantly for the K-chemisorbed structuréBigs. 1a)-7(c)]. Some of
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(d)

FIG. 7. Bgnd structures for thea) K(H3)Si(T4)B(Ss), (b) K(T,)Si(T4)B(S5) and (c) K(T4)Si(T,)B(Ss) configurations, andd) the
Si(111)v3 % y3R30-B clean surface. The shaded regions represent the bulk-projected bandstructure. The solid cigjleenote the
contribution of the potassium to the total charge of each st&e5%; e =10%; ® =20%; @ =40%. The solid triangles and diamonds
in (d) denote the Si adatom dangling bond surface states, and surface states involving coupling between the silicon adatom and the
underlying boron atoms, respectively. The solid circlegdnindicate the occupied surface states.

the higher conduction-band states are also significantly afstate at theM point of the SBZ for the minimum-energy
fected by the presence of the potassium but the effect seenkgH3)Si(T4)B(S;) structure. It is clear that this state has a
to be similar for all three structures. Figureg)Band &d)  significant contribution from the K adatoms.
present probability density plots for the sixth fully empty Itis clear from Fig. 7d) that the electronic structure of the
clean S{111)y3x y3R30'-B surface is predicted to be semi-
(a) () conducting in agreement with experiméhe? The electronic
Si(T,),B band structures of the three lowest-energy
K/Si(111)y3x3R30-B configurations, however, are all
predicted to be metallic, contrary to the observations of both
Grekhet al?® and Weiteringet al 2% [see Figs. ®@)—7(c)].
This is due to the additional valence electron of each potas-
sium adatom giving rise to an odd number of electrons per
surface unit cell and hence partial filling of the spin-
degenerate highest occupied energy band. For all three of our
lowest-energy structures, the interaction between the potas-
K sium orbitals and the empty Si-adatom dangling-bond sur-
Si(T,) face states of the clean ($11)y3xy3R30-B surface has
resulted in a half-filled band crossing the Fermi energy. This
is consistent with the conclusion of Mat al. that the large
shifts observed in their &p) and B(1s) core-level measure-
ments are due to charge transfer from the K adatoms into the
empty Si-substrate dangling-bond surface stétes.

The photoelectron spectroscopy measurements of Grekh
et al28 showed that the deposition of potassium at submono-
layer coverages resulted in the formation of a state approxi-
mately 0.7 eV below the Fermi energy with an overall dis-
persion along thd-M symmetry direction of the/3x \3
SBZ of only 0.1 eV. The angle-resolved photoemission stud-
ies of Weiteringet al?%3% also provided evidence for the
occurrence of a relatively dispersionless K-induced surface

FIG. 8. (Color onling Top and side views of the density distri- State 0.65-0.85 eV below the Fermi energy. Moreover, this
butions for the lowest-energy backbond surface state af theint ~ K-induced surface state was predicted to be a bonding com-
[(8) and (b)] and the sixth conduction-band state at Mepoint of  bination of Si dangling bonds and Ks4rbitals***°As can
the V3x V3 SBZ[(c) and(d)] for the K(H3)Si(T,)B(Ss) structure.  be seen in Figs. (@-7(c), our calculations provide no evi-
The isosurface values were X102 e/A3 for the I'-point state  dence for such a localized surface state. While our uppermost
and 2.5< 1072A 3 for the M-point state. valence band does contain some contribution from the potas-

Si(T,),B

®) [T (d)

Si(Ty)
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sium orbitals (along K-M), it involves coupling with the the K(T,) structure. These results demonstrate that the potas-
backbond surface states of the cleafil$i)y3 X 3R30-B sium atoms prefer to be located at threefold-coordinated sites
surface rather than the ($j,) dangling-bond surface states. where they form multiple bonds with the neighboring silicon
The only state close toEwith the required character pre- atoms rather tha.n forming single _bonds With_the silic.on ada-
dicted by our calculations is the half-filled state whichtoms at theT, sites. This behavior is consistent with the
crosses the Fermi energy and it has an overall dispersion égSults of Cho and Kaxiras for the KASL1)7x7 chemi-
0.62—0.70 eV. sorption system? It is also consistent with the structure of
One way in which a system with an odd number of va-Solid KSi where the potassium atoms are found to sit at the

lence electrons per SUC can have a semiconducting ba reefold-coordinated positions directly above the centroids

structure is for the uppermost occupied up or down—spirP the triangular fa_ces of each43etr_ahedral unitZint ion),
band to be fully occupied and nonoverlapping with any othe|rath.er ;Ean be singly bonded directly above one of the
band. Such a situation has, in fact, been found for a hemihy\-/ertlce -~ Two stable structures have also been found for the
’ ’ B atoms occupying th&, adatom positions instead of tisg
second-layer site. The energy differences between these two
Structures and our minimum-energyHe) Si(T,)B(S;) struc-
i : ture, however, were quite largé.43 eV and 1.80 e) The
at_ 1_/3 ML coverage we _also carried out calcul_atlons for ourglectronic structures of our three lowest-energy configura-
minimum-energy KH3)Si(T,)B(S) structure using the op-  tions for the K/S{111)y3 x V3R30’-B chemisorption system
tion in the VASP(Refs. 31-33 code to force the complete gt 1/3 ML coverage were all predicted to be metallic rather
filling of the highest occupied up-spin band. These calculathan semiconducting as suggested by the photoemission ex-

tions also resulted in a metallic band structure. periments of Greklet al?® and Weiteringet al?°3°This may
indicate, as suggested by these authors, that the
IV SUMMARY K/Si(111)y3x V3R30-B chemisorption system is a highly

correlated system which requires going beyond the one-

The vasp plane-wave pseudopotential DFT code has beerlectron picture to obtain an accurate description of the elec-
used to_inve§tigate the chemisorption of potassium on th&onic structure.
Si(111)y3 X y3R30'-B surface. The minimum-energy topol-
ogy has been found to be the(Hg)Si(T,)B(S;) structure. ACKNOWLEDGMENTS
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