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Dimer vacancy(DV) defect complexes in the Si(001)¥2L surface are investigated using high-resolution
scanning-tunneling microscopy and first-principles calculations. We find that under low-bias filled-state tun-
neling conditions, isolated “split-off” dimers in these defect complexes are imaged as pairs of protrusions,
while the surrounding Si surface dimers appear as the usual “bean-shaped” protrusions. We attribute this to the
formation of m-bonds between the two atoms of the split-off dimer and second-layer atoms, and present charge
density plots to support this assignment. We observe a local brightness enhancement due to strain for different
DV complexes and provide the first experimental confirmation of an earlier prediction thatHBeDV
induces less surface strain than other DV complexes. Finally, we present a previously unreported triangular
shaped split-off dimer defect complex that existSgitype step edges, and propose a structure for this defect
involving a bound Si monomer.
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[. INTRODUCTION dimer, the so-called “split-off dimer.” The accepted structure
of the 1+2-DV, as proposed by Wanet al. based on total
There are currently several exciting proposals to use thenergy calculation$js shown in Fig. 1c) and consists of a
(001 surface of silicon for the construction of atomic-scalerebonded 1-DV(left), a split-off dimer, and a 2-DV with a
electronic devices, including single-electron transistans, ~ rebonding atontright). Recently we have observed another
tradense memoriésand quantum compute?$. However, DV complex that contains a split-off dimer, called the 1-
since any random charge or spin defects in the vicinity of®V: Which consists of a rebonded 1-DV and a nonbonded
these devices could potentially destroy their operation, &-DV separated by a split-off dimer, as shown in Fi¢gd)1
thorough understanding of the nature of crystalline defects Here we present a detailed investigation of DV defect
on this surface is essential. The(®)1) surface was first Ccomplexes that contain split-off dimers. Using high-
observed in real space at atomic resolution using scanningesolution, low-bias STM we observe that split-off dimers
tunneling microscopy(STM) by Tromp et al® in 1985. In  appear as well-resolved pairs of protrusions un_der imaging
this study they observed the surface consisted of rows gtonditions where normal Si dimers appear as single “bean-
“bean-shaped” protrusions which were interpreted as tunnelShaped” protrusions. We show that this difference arises
ing from ther bonds of surface Si dimers, thereby establish-ffom an absence of the expectecbonding between the two
ing the dimer model as the correct model for this surface@toms of the split-off dimer but instead the formation7of
Since then, STM has been instrumental in further elucidatingonds between the split-off dimer atoms and second-layer
the characteristics of this surface and, in particular, atomic2toms. Electron charge-density plots obtained using first-
scale defects present on the surfiicd. principles calculations support this interpretation. We ob-
The simplest defect of the ®01) surface is the single S€rve an intensity enhancement surrounding some split-off
dimer vacancy defeatl-DV), shown schematically in Figs. dimer defect complexes in our STM images and thereby dis-
1(a) and Xb). This defect consists of the absence of a singlecuss thg local strain induced in the forma.tlon of these de-
dimer from the surface and can either expose four secondects. Finally, we present a model for a previously unreported
layer atomgFig. 1(a)] or form a more stable structure where triangular-shaped split-off dimer defect complex that exists
rebonding of the second-layer atoms ocluas shown in at Sg-type step edges.
Fig. 1(b). While the rebonded 1-DV strains the bonds of its
neighboring dimers .it also results in a lowering of the num- Il HIGH-RESOLUTION VARIABLE-BIAS STM IMAGING
ber of surface dangling bonds and has been found to be more OF DEFECT COMPLEXES
stable than the nonbonded struct?f8.Single dimer va-
cancy defects can also cluster to form larger defects such as Experiments were performed in two separate but identical
the double dimer vacancy defg@-DV) and the triple dimer variable temperature STM systert@micron VT-STM. The
vacancy defecf3-DV). More complex clusters also form, the base pressure of the ultrahigh vacugdHV) chamber was
most commonly observéd! example is the £2-DV con- <5x 10 *! mbar. Phosphorus doped*¥@m™2 wafers, ori-
sisting of a 1-DV and a 2-DV separated by a single surfacentated towards th01] direction were used. To check the
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FIG. 1. Ball and stick models of dimer vacancy defed®: (d) Split-off dimer r-bonds

nonbonded 1-DV(b) rebonded 1-DV(c) 1+2-DV, and (d) 1+1-

DV. Si atoms that have a dangling bond are shaded black. Height is k) /4
indicated in the top views by the diameter of the balls, with the i
surface atoms having the largest diameter. The true minimum- ] “\ y

energy configurations for these structures involve buckling of the

dimers in alternating directions along the dimer row. However, FIG. 2. A low-bias filled-state STM image of a Si(00Y2

since the dimers switch between their two possible buckling oriensurface with split-off dimer defects is shown (&@. Tunneling con-

tations at room temperature, the atomic positions shown here remlitions for this image were-1 V sample bias and 0.8 nA tunnel

resent the average positions of the atoms. current. Line profiles are taken across a singt€24DV both paral-
lel, X—X" (b), and perpendiculal¥-Y" (c), to the dimer row direc-

. _3 tion, as indicated in(@). The schemati¢d) is a top view ball and
dependance of the defects on dopant density, dao stick model of a #2-DV with the approximate positions of

wafer was also investigated using STM and Auger electro g :
spectroscopy. All STM images presented are from th(raa) onds indicated by shaded ellipses.
10 cm 2 doped wafers, unless indicated. These wafers
were cleaved into 210 mn? sized samples, mounted in surface, we have investigated a high P doped'{&m™3)
sample holders, and then transferred into the UHV chambewafer using STM and AES. By rapidly quenching this
Warfers and samples were handled using ceramic tweezesample from the flash temperature we were able to prepare
and mounted in tantalum/molybdenum/ceramic samplehe Si(001)2<n surface'* which contains a high density of
holders to avoid contamination from metals such as Ni angplit-off dimer defects. However, no P AES signal could be
W. Sample preparatidh was performed in vacuum with- detected from this surface, confirming that split-off dimer
out prior ex situtreatment by outgassing overnight at 850 K defects do not contain surface segregated P atoms. It is
using a resistive heater element, followed by flashing tcknown that split-off dimer defects are induced on th@81)
1400 K by passing a direct current through the sample. Aftesurface by the presence of metal contamination such &s Ni
flashing, the samples were cooled slowly  K/s) from  and W!® The appearance of these defects in our samples
1150 K to room temperature. therefore points to a buildup of metal contamination, either
Ni from in-vacuum stainless steel parts or more likely W
contamination from the STM tip. After using an old W STM
tip to scratch a~1 mm line on a SD01) sample in vacuum
The sample preparation procedure outlined above rouand then reflashing, the concentration of split-off dimer de-
tinely produced samples with very low surface defect densifects on the surface was found to have dramatically in-
ties. However, the density of defects, including split-off creased, confirming the STM tip as the source of the metal
dimer defects, was found to increase over time with repeatedontamination.
sample preparation and STM imaging, as reported Figure 2 shows an STM image of a(@1) surface con-
previously*® To rule out the possibility of this defect density taining a~ 10% coverage of split-off dimer defects. The
increase being caused by the diffusion of P dopants to theajority of the defects in this image can be identified as

A. Split-off dimers
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1+2-DV’s, however, two *+1-DV'’s are also present, as in- : ') ; (®) ||
dicated. The most striking feature of this image is the differ- ' .
ence in appearance of the split-off dimers in contrast to the
surrounding normal surface dimers. Each split-off dimer in
this image appears as a double-lobed protrusion, while the
surrounding normal Si dimers each appear as a single bean-
shaped protrusion, as expected at this tunneling Biame
profiles taken across a+R2-DV both parallel and perpen-
dicular to the dimer row direction are shown in Figgb)2

and Zc). The line profile parallel to the dimer row direction
agrees with previously reported profiles over2-DV’s and

fits well with the accepted structufé,as shown by the over-
layed ball and stick model. The line profile taken perpendicu-
lar to the dimer row direction, however, clearly shows that
the split-off dimer of this defect is separated into two protru-
sions, while the neighboring Si dimers are single protrusions.
This is the first recognition and explanation of split-off
dimers appearing as double-lobed protrusions.

To understand why split-off dimers appear as double
lobed protrusions we must consider the structure of thes v a white arrow. All four images were acquired with 0.13 nA
defectg shown in Figs.(¢) and Xd). Normally .S(OO:.D sur- . tunnel current and the sample bias for each imag&)is-0.8 V,
face dimers appear as bean-shaped protrusions in STM ME) 2 V. () +0.8 V., (d) +2 V
ages because the dangling bonds of each Si dimer atom mix ' ' '

to form am boﬂd belt_we]?fn the two dimer atloms. However, if o jired at+0.8 V and+2 V, respectively, the appearance of
we examine the split-off dimer structure clos¢iigs. Ac) e spit-off dimers is very similar to that of the surrounding

and 1d)] we see that unlike normal surface dimers, the split-), a1 surface dimers. This is because under empty-state
off dimer has two nearest-neighbor second-layer atoms th%nneling conditions  electrons  tunnel  into  the

each have a dangling bond. The separation distance between _,iinonding orbitals of the dimers, resulting in the nor-

the .s.plit-off dimer atoms and these 'second—layer atoms iﬁwal Si dimers appearing as double-lobed protrusi8riis
sufficiently close to allow the formation of bonds. The  y,orefore only under low-bias magnitude filled-state tunnel-

resulting four-atom structure can therefore be referred to as g conditions that split-off dimers appear significantly dif-
tetramer We propose th.at the fou_r daf‘g"”g bonds of theferent to the surrounding normal Si surface dimers.
split-off dimer tetramer interact primarily along the back-

bonds between the split-off dimer atoms and the second layer
atoms to formmr-bonds down the backbonds, as drawn sche-
matically in Fig. Zd). These two spatially separatedbonds
therefore lead to the double-lobed appearance of the split-off Another noticeable feature of Figs(a®2 and 3a) is the
dimers under low-bias filled-state tunneling conditions,enhanced brightness of the-1-DV compared to the 42-
which we confirm in Sec. lll with charge-density calcula- DV. This is a reproducible effect that we attribute to an in-
tions. creased amount of surface strain induced by thel-DV.

In an attempt to fully characterize the appearance of thesBigure 4 shows a series of adjacent defects forming a short
split-off dimers in STM images, we have performed a seriessacancy line channel in the surface. This channel is com-
of experiments observing split-off dimers with changing posed of individual 1-DV, 3-DV, +2-DV, and 1+1-DV de-
STM sample bias. Figure 3 summarizes our results, showinfgcts (see figure caption In the filled-state image, Fig.(d),
images where a42-DV and a 11-DV located next to each there is a clear brightening of the dimers on one end of the
other are observed at four different sample biases—twd+1-DV’s and the dimers on both ends of the 1-DV, which is
filled-state images and two empty-state images. In the fillednot present for the #2-DV's. In the empty-state image of
state image of Fig. (8) we see that at-0.8 V the split-off  the line of defect complexes, Fig(®, we note that there is
dimer of both the #2-DV and the 31-DV appear as a darkening of the same dimers that are enhanced in the
double-lobed protrusions similar to those in Figa2 How- filled-state image.
ever, when the filled-state bias is increased in magnitude to Owenet all® have shown using low-bias STM and first-
-2V, Fig. 3b), the split-off dimers become single- principles calculations that the dimers neighboring a reb-
protrusions and appear very similar to the surrounding norended 1-DV are enhanced in low-bias filled-state STM im-
mal Si surface dimers. This is because as the bias magnitudges due to the strain induced by the defect shifting the
is increased towards-2 V, the dimero bond and bulk surface states upwards in energy toward the Fermi energy.
states contribute increasingly to the tunneling cuffeahd  This effect can be seen for the 1-DV in Figa® where the
the image of the split-off dimer reverts to the bean-shapeaeighboring dimers in the same row as the 1-DV are en-
protrusion in the same manner as normal surface Si dimersanced in intensity, with the magnitude of the enhancement
In both of the empty-state images, Figé¢c)3and 3d), ac- decaying with distance from the 1-DV. A very similar en-

FIG. 3. Variable bias STM images of a+2-DV adjacent to a
1+1-DV. The split-off dimer of the +2-DV is indicated with a
lack arrow, while the split-off dimer of the+11-DV is indicated

B. Experimental observation of surface strain
in complex defects
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to strain, while the +2-DV does not, indicates that the
1+2-DV structure induces less local strain than the 1-DV.

In their paper, Oweret al. do not present empty-state
STM images, nor do they consider empty states in their tight-
binding calculations. In Fig. @), we show an empty-state
image of the same line of defects shown in Figg)4Inter-
estingly, in this empty-state image the dimers that were en-
hanced in brightness surrounding the 1-DV anrdliDV’s in
the filled-state image are less bright than the surrounding Si
dimers in the empty-state image. This suggests that the strain
associated with these defects causes the lowest unoccupied
molecular orbital(LUMO) of the adjacent dimers to also
shift higher in energy, away from the Fermi energy.

Strain

IIl. DENSITY-FUNCTIONAL CHARACTERIZATION
OF DEFECT COMPLEXES

To confirm the interpretation of our STM images, we have
performed first-principles electronic structure calculations of
both the *2-DV and 1+1-DV complexes using the Car-
Parrinello molecular dynamics prograrhValence electrons
were described using Goedecker pseudopoteffliatx-
panded in a basis set of plane waves with an energy cutoff of
18 Ry and the exchange-correlation functional was of the
BLYP form.?1?2The calculations contained between 124 and
128 atoms in a X8X8 slab within a 31.0787.675
% 19.253 & supercell. The sixth layer was fixed and the far
surface was silicon-only with p(2x2) reconstruction. The
vacuum spacing corresponds to six monolayers inzthe
rection, and all calculations were performed withpoint
hancement can be seen around theldDV sites in this im-  sampling of the Brillouin zone only. A reference calculation
age, with the split-off dimer in particular appearing muchwas performed with no surface vacancies and assuming the
brighter than the surrounding normal surface dimers. Howp(2Xx2) structure in which the dimers buckled alternately
ever, for the ¥1-DV only the dimers on one end of the along the row. A single 256 atom calculation with a duplica-
defect are enhanced in intensity, while the dimers on thdion along they axis confirmed that the effect of dispersion
other end of the defect are not. This observation can bacross the rows is minor as has been noted elsevifiere.
readily explained since thet11-DV is composed of a reb- Both zero-temperature geometry optimization and high-
onded 1-DV adjacent to a nonbonded 1-DRlg. 1(d)] and  temperature molecular-dynamics calculations were used to
Owenet al!® have shown that while the rebonded 1-DV re- explore a variety of surface and second-layer bonding con-
sults in strain-induced image enhancement, the nonbonddi@jurations for the +2-DV and 1+1-DV. In addition to the
1-DV does not. The observation of an asymmetric strainstructures presented in Figsicland Xd), we have calcu-
induced enhancement of the-1-DV in Fig. 4(a) can there- lated the energies of a wide range of alternative structures,
fore be taken as an experimental confirmation of the strucincluding those with broken second-layer rebonding; the ad-
ture of this defecfFig. 1(d)] and the first application of the dition of a monomer atom on the nonbonded tetratmdrich
method of Oweret al° for identifying strain in more com- created a three-membered ringtaggered second-layer reb-
plex surface defect structures. onding for the -1-DV (one nonbonded and one re-bonded

The fact that the £2-DV causes no enhancement of its on each side of the split-off dimgrand a single additional
neighboring dimers over the surrounding normal surfacgebonding for the *1-DV. In addition, we used first-
dimers suggests that the-2-DV, unlike the 1-DV and +1-  principles molecular-dynamics calculations to explore con-
DV’s, does not increase the strain of the surface. This at firstigurational space and seek out any stable structures that
seems strange, since the-2-DV involves a rebonded 1-DV were not manually constructed. However, simulations for
similar to the 1+ 1-DV structure. However, Wangt al® have  temperatures up to 1000 K found no configurations that had
shown, using total energy calculations, that the junctiomot already been considered. All of the alternate configura-
formed between the 1-DV and the 2-DV to create thetions incurred an energetic penalty of 1 eV and higher, and
14+2-DV releases the surface strain that is present whethe most highly disfavored configuratioftypically those in
these two defects exist separately from one another. Thethich a bond had been broKewere not even metastable.
STM data that we have presented here is therefore the fir§the results confirm the configurations in Figéc)land 1d)
experimental verification of this calculation. The fact thatare the lowest-energy geometries of both defect complexes.
both the 1-DV and the-£1-DV show local enhancement due The dimers are drawn symmetric in these schematics, how-

FIG. 4. Filled and empty-state STM images{.2 V, +1.6 V,
0.15 nA of a short chain of DV's in a $001) surface. The indi-
vidual defects aréfrom top left to bottom right 1+1-DV, 1+1-
DV, 1+2-DV, 3-DV, 1+2-DV, 1+2-DV, 1+1-DV, 1-DV, and 12-
DV. Note the strain-induced brightening of the 1-DV anet 1t
DV’s in the filled state(a) and the corresponding darkening in the
empty state(b). These images were acquired from &%€em 3 P
doped sample.
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to the accessible states for-a0.75 V sample bias and can
therefore be directly compared to the experimental data in
Fig. 3(@), which was acquired with a 0.8 V sample bias.

The four charge-density slices in Fig. 5 show@ the
1-DV edge dimer(b) the split-off dimer,(c) the backbond of
the split-off dimer, andd) the 2-DV edge dimer, as indicated
schematically in(e). The charge densities of both buckling
configurations of the dimers and backbond atoms are aver-
aged, and the positions of the dimer and tetramer atoms are
shown superimposed in both buckling configurations. In the
case of the backbonds, the two configurations are not coin-
cident, and so the atoms and bonds are shown in projection
onto the plane in Fig. (). The 1-DV edge dimer in Fig.(8)
shows a clear three-lobed character with significant overlap
between the up-atom charge density of the two buckling ori-
entations, and a single lobe beneath the plane of the surface
(© — at the mid-point of the dimer. Density-functional calculations

n-backbonds at split-off dimer 17 ) N~ )
a by Hataet al."" and tight-binding Green’s function calcula-
|.23

b
: & / C 4 \‘ tions by Pollmaret al=° have separately identified this three-
lobed feature as being characteristicrobonding in flip-flop
' 1 : >—\ ' g dimers on the silicon surface, and we can therefore take this
¢ ' : ¢ ' three-lobed feature as a signaturemobonding in this work.

FIG. 5. Cross-section electron-density plots for filled statesThe backbond of the split-off dimer in Fig(§ connects a
within 0.25 eV of the HOMO for several cuts through the2.Dy  fIrst-layer atom to a second-layer atom and also shows a
complex. The planes a,b,c and d through the top-view ball and sticklrée-lobed structure. By analogy with the surface dimer in
model (¢) indicate the direction and position of the cuts, and theFig- @) we characterize this bond as havingharacter and
shaded ellipses indicate thebonding as inferred from the electron have indicated this by the shaded elliggg shown in Fig.
density(see text Each electron-density plot is an average of both5(€). The split-off dimer itself in Fig. 8), however, does not
buckling configurations, and the atomic positions and bonds ar€xhibit three-lobed character. Instead, the split-off dimer has
shown as black balls and sticks. The slices @erebonded 1-DV  four lobes; two located above the up atoms of the dimer in
edge dimer(b) split-off dimer, (c) split-off dimer backbonds(d) each buckling configuration and a second pair of spatially
2-DV edge dimer. separated lobes beneath the bond. The calculations thus show

that = bonding occurs down the backbonds of the split-off
ever, the true minimum-energy structure at zero temperaturdimer, but not across the dimer itself. The absence ofithe
involved charge-transfer buckling of the Si dimers. It is well bond across the split-off dimer correlates with the double-
known that at room temperature the barrier is sufficientlyprotrusions observed in the STM images. Finally, we also
small for the dimers to flip flop between the two equivalentconsider the charge density of the 2-DV edge dimer, Fig.
configuration$*?° Our calculations show that the split-off 5(d), and note that it also exhibits three-lobed character, in-
dimer tetramer also has two symmetrically equivalent buckdicative of = bonding. This gives the 2-DV edge dimer a
ling configurations, with charge transfer between the atom$éean-shaped appearance in the STM image, as for the 1-DV
of the tetramer buckling adjacent atoms in alternate direcdimer in Fig. 5a).
tions. By analogy with the normal dimers we can expect A similar situation exists for the#1-DV charge-density
room-temperature STM measurements of the tetramer to inslices shown in Fig. 6. The first three charge-density slices,
age the average of the two configurations. The chemical pd=igs. a)— 6(c), are analogous to the slices for the 2-DV.
tential was determined from a 512-atom bulk calculation,As was the case for the+12-DV, the rebonded 1-DV edge
which yielded a formation energy of 0.85 eV for the-2-  dimer, Fig. &a) and the split-off dimer backbonds, Fig(ch
DV, similar to the value of 0.65 eV computed by Wang exhibit three-lobed =-like character, while the split-off
et al® The 1+1-DV formation energy has not been previ- dimer, Fig. Gb) exhibits four-lobed character, consistent with
ously reported, and we found it to be 1.13 eV. We note thatn end-on view ofr-bonding down the backbonds. Finally,
this value is high, but this is consistent with the rarity of another slice is presented in Figidg which is through the
observation of the £1-DV in STM experiments. nonbonded 1-DV edge dimer as indicated schematically in

In Fig. 5 we present a series of calculated electron densitiig. 6€). It can be seen that the nonbonded 1-DV edge dimer
slices through various regions of the-2-DV marked by(a), appears quite different to the charge-density slices discussed
(b), (c), and(d) in the ball and stick schematic. The charge so far. In particular, we note that the nonbonded 1-DV edge
density shown in the figure is the sum of the occupied Kohndimer has a much reduced charge density compared to the
Sham orbitals within 0.25 eV of the highest occupied mo-other slices, Figs. @—6(c). Examination of the structure
lecular orbital( HOMO). Taking into account the-0.5 eV  identifies strain as the characteristic that differentiates the
surface band gap of @01 and then-type doping of the dimer in Fig. &d) from the other dimers. Since the dimer in
experimental samples, these states correspond approximatétig. 6(d) is part of a tetramer, one might expect its appear-
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FIG. 6. Cross-section electron-density plots for filled states
within 0.25 eV of the HOMO for several cuts through the 1-DV FIG. 7. (a) (b) Filled- and empty-state Imageiﬂ.Z V) of DV
complex. The planes a,b,c, and d through the top-view ball and Stichefects at arSs-type step edge. White arrows indica®a-DV's

model (e) i.ndicat.e t.he direction e}nd pqsition of the cuts, and the(Ref. 27, while black arrows point to a previously unreported de-
shaded ellipses indicate thebonding as inferred from the electron fect that exhibits a third protrusion in the filled-state giving it a

density(see text Each electron-density plot is an average of bOthtriangular appearance. We propose the structdras a model for

buckling configurations, a”‘? the atomip positions and bonds Ahis defect. Calculated charge-density slices at a congtaeight
shown as black ba}IIs anq sticks. Thg shceg (@eebonded 1-DV for the dashed region df) are shown in(d) and (¢) (for Kohn-
edge dimer,(b) split-off dl_mer, (¢) split-off dimer backbonds(d) Sham orbitals summed over 0.45 eV below the HOMO and 0.45 eV
nonbonded 1-DV edge dimer. above the LUMO, respectivelyThese contour slices are in good

ance to resemble the split-off dimer which is also part of thelgreement with the STM images (&) and (b), in particular, pre-

. . dicting the correct spacing of 6.4 A between the split-off dimer and
tetr.am?r shown FIgS.(B) and @c). However, a detailed ex- third protrusion and also the disappearance of the third protrusion in
amination of the simulated structure reveals that the non

. . . . the empty state. The horizontal tic-marks(@) and(e) indicate the
bonded 1-DV tetramer is relaxed, since there is one adjacenf o ppo)s/itions on the defect-free surfai(ed.j ©

dimer present, while the split-off tetramer is highly strained

because of the rebonding in the second layer. Since the non- . o . .
bonded 1-DV tetramer is much less strained, its occupie imers, appearing at similar intensities. Moreover, the split-

states lie further from the Fermi level, explaining the chargeOff dimer loses its double-lobed appearance to appear with

reduction observed in calculations in Figdg As discussed f[hg bean-shaped appearance of normal surface dlmgrs. This
in Ref. 26, the minimum-energy arrangement of the electron in good agreement with our experlmental_observat_lons of
in a tetramer is one where thestates are delocalized across NS¢ defects, where, as we Increase the_ b|as_ magnitude the
the four atoms, to form three bonding segments, as indicate ubl_e-lobed appearance O.f th‘? split-off d|mgr Is lost and all
by the ellipses in Fig. @). The charge-density slice of Fig. 1'€ dimers appear with similar intensitg.g., Fig. &0)].
6(d) is consistent with such an arrangement where the charge
density is shared_between—like bonds on both bacl_<bonds IV. NEW STEP EDGE DEEECT
and across the dimer atoms. We conclude that this charge-
density arrangement forms for the nonbonded 1-DV tetramer Having presented a detailed understanding of the elec-
because it is allowed to relax. In the case of the split-offtronic structure of previously observed split-off dimer de-
dimer, the tetramer is constrained by the rebonding and infects in the Sj001) surface using both STM and first-
stead forms a higher-energy configuration in which theprinciples calculations, we now turn our attention to
m-bonds conjugate to form twer-bonds down its back- elucidating the structure of a previously unreported split-off
bonds. dimer defect. In Figs. (& and 7b) we show filled- and

We have also prepared charge-density plots analogous @mpty-state STM images of DV defects at a single-layer
those shown in Figs. 5 and 6 for a summation of the Kohn-Sg-type step edge. At the top of these images white arrows
Sham orbitals to 1 eV from the HOMO. For both the indicate three defects known &s-DV's, which are reb-
1+1-DV and H2-DV, this has the effect that the dimer- onded 1-DV'’s at the step edge, which leave a single split-off
bond and back-bond states begin to contribute to the chargéimer as the last dimer before the lower terrace betfids
density, resulting in all the dimers, including the split-off was the case for the11-DV and 1+2-DV, the split-off
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dimers inSg-DV'’s appear as double-lobed protrusions underslice the two lobes expected for the split-off dimer as well as
low-bias filled-state imaging conditions, Figaf. At the bot- @ third lobe due to the bound monomer. Moreover, the dis-
tom of Fig. 7a) two similar DV complexes can be observed, tance between the split-off dimer lobes and the monomer
as indicated by black arrows, however, these defects havelabe is 6.4 A in agreement with the separation seen in the
third protrusion giving them a triangular appearance. InSTM image. In Fig. 7e) we show an empty-state slice taken
empty-state imaging, Fig.(8), however, the additional third at the same height and summed over Kohn-Sham orbitals
feature is not present. These triangular-shaped defects hat@ to 0.45 eV above the LUMO. In this contour the double
not been reported on the (801 surface before and most lobe of the split-off dimer is still present but the monomer
likely arise due to the presence of W contamination. lobe is significantly lessened in intensity. The results of our
Our proposed structural model of the triangular-shapedirst-principles calculations therefore give good agreement
defects in Fig. 7a) is shown in Fig. 7c). This model consists between our proposed structure and the observed defect. The
of a nonbonded 1-DV defect at &®-type step edge, fol- presence of the split-off dimer must therefore be responsible
lowed by a rebonded split-off dimer and a bound Si mono-for the reversal of the filled- and empty-state monomer char-
mer. Swartzentruber has previously observed Si monomegcteristics when compared to those observed for monomers
on the S{001) surface using high-resolution STM after de- bound to rebonde&g-type step edges.
positing a few percent of a monolayer of Si atoms to the
surface’® These monomers were bound at rebon8gdype V. SUMMARY
step edges, confirming the minimum-energy binding position

predlcted by first pr|n_C|pIes calculations. The bmqmg.pos"Si(Om)le surface using high-resolution STM and first-
tion of the monomer in our proposed structure, Fir),7is

. . rinciples calculations. We find that split-off dimers form
essentially the same position observed by Swartzentrube@onds with second-layer atoms which gives them a double-
with the difference being the presence of the DV defect ad'obed appearance in low-bias filled-state STM images. We
jacent to the step edge. Swartzentruber also observed that ta% ly the method of Oweet al1° for identifying local area.s
Si monomers bound &;-type step edges were visible in one Py : g

bias polarity(empty statg but invisible in the othefilled of increased surface strain (o d|_mer vacancy defect com-
statg. Our images reveal a similar effect, however, the fea_plexes and thergby present th? first experimental confirma-
ture We observe appears in filled-state images W,hile beinm.)n of the predicted strain relief offered' by ther2-DV.
invisible in empty-state images. We attribute this reversal i !nally, we have presented a previously unreported
the bias dependance of the mc;nomer to the existence of tntgangular-shaped d_efect on the_((ml)_surface and a pro-

. . . ; osed model for this structure involving a bound Si mono-
adjacent DV changing the local electronic properties of th mer
monomer. However, while we feel it is unlikely, we cannot '
rule out the possibility that this monomer is a contaminant
species, e.g., a P dopant or metal contaminant.

We have performed first-principles calculations to pro- This work was supported by the Australian Research
duce charge-density contours for our proposed structure. FigZouncil, the Australian Government, and by the U.S. Na-
ure 7d) shows a constartheight contour slice taken 1.2 A tional Security AgencyNSA), Advanced Research and De-
above the monomer for occupied Kohn-Sham orbitals withinvelopment Activity(ARDA), and the Army Research Office

0.45 eV of the HOMO. We see in this charge-density contoufARO) under Contract No. DAAD19-01-1-0653.

We have investigated split-off dimers on the
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