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Split-off dimer defects on the Si„001…2Ã1 surface
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Dimer vacancy~DV! defect complexes in the Si(001)231 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 ofp-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 that the 112-DV
induces less surface strain than other DV complexes. Finally, we present a previously unreported triangular
shaped split-off dimer defect complex that exists atSB-type step edges, and propose a structure for this defect
involving a bound Si monomer.
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I. INTRODUCTION

There are currently several exciting proposals to use
~001! surface of silicon for the construction of atomic-sca
electronic devices, including single-electron transistors,1 ul-
tradense memories,2 and quantum computers.3,4 However,
since any random charge or spin defects in the vicinity
these devices could potentially destroy their operation
thorough understanding of the nature of crystalline defe
on this surface is essential. The Si~001! surface was first
observed in real space at atomic resolution using scann
tunneling microscopy~STM! by Tromp et al.5 in 1985. In
this study they observed the surface consisted of rows
‘‘bean-shaped’’ protrusions which were interpreted as tunn
ing from thep bonds of surface Si dimers, thereby establis
ing the dimer model as the correct model for this surfa
Since then, STM has been instrumental in further elucida
the characteristics of this surface and, in particular, atom
scale defects present on the surface.6–8

The simplest defect of the Si~001! surface is the single
dimer vacancy defect~1-DV!, shown schematically in Figs
1~a! and 1~b!. This defect consists of the absence of a sin
dimer from the surface and can either expose four seco
layer atoms@Fig. 1~a!# or form a more stable structure whe
rebonding of the second-layer atoms occurs9 as shown in
Fig. 1~b!. While the rebonded 1-DV strains the bonds of
neighboring dimers it also results in a lowering of the nu
ber of surface dangling bonds and has been found to be m
stable than the nonbonded structure.9,10 Single dimer va-
cancy defects can also cluster to form larger defects suc
the double dimer vacancy defect~2-DV! and the triple dimer
vacancy defect~3-DV!. More complex clusters also form, th
most commonly observed9,11 example is the 112-DV con-
sisting of a 1-DV and a 2-DV separated by a single surf
0163-1829/2004/69~8!/085312~8!/$22.50 69 0853
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dimer, the so-called ‘‘split-off dimer.’’ The accepted structu
of the 112-DV, as proposed by Wanget al. based on total
energy calculations,9 is shown in Fig. 1~c! and consists of a
rebonded 1-DV~left!, a split-off dimer, and a 2-DV with a
rebonding atom~right!. Recently we have observed anoth
DV complex that contains a split-off dimer, called the 111-
DV, which consists of a rebonded 1-DV and a nonbond
1-DV separated by a split-off dimer, as shown in Fig. 1~d!.

Here we present a detailed investigation of DV defe
complexes that contain split-off dimers. Using hig
resolution, low-bias STM we observe that split-off dime
appear as well-resolved pairs of protrusions under imag
conditions where normal Si dimers appear as single ‘‘be
shaped’’ protrusions. We show that this difference aris
from an absence of the expectedp bonding between the two
atoms of the split-off dimer but instead the formation ofp
bonds between the split-off dimer atoms and second-la
atoms. Electron charge-density plots obtained using fi
principles calculations support this interpretation. We o
serve an intensity enhancement surrounding some spli
dimer defect complexes in our STM images and thereby
cuss the local strain induced in the formation of these
fects. Finally, we present a model for a previously unrepor
triangular-shaped split-off dimer defect complex that exi
at SB-type step edges.

II. HIGH-RESOLUTION VARIABLE-BIAS STM IMAGING
OF DEFECT COMPLEXES

Experiments were performed in two separate but ident
variable temperature STM systems~Omicron VT-STM!. The
base pressure of the ultrahigh vacuum~UHV! chamber was
,5310211 mbar. Phosphorus doped 1015 cm23 wafers, ori-
entated towards the@001# direction were used. To check th
©2004 The American Physical Society12-1
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dependance of the defects on dopant density, a 1019 cm23

wafer was also investigated using STM and Auger elect
spectroscopy. All STM images presented are from
1015 cm23 doped wafers, unless indicated. These waf
were cleaved into 2310 mm2 sized samples, mounted i
sample holders, and then transferred into the UHV cham
Wafers and samples were handled using ceramic twee
and mounted in tantalum/molybdenum/ceramic sam
holders to avoid contamination from metals such as Ni a
W. Sample preparation12 was performed in vacuum with
out prior ex situtreatment by outgassing overnight at 850
using a resistive heater element, followed by flashing
1400 K by passing a direct current through the sample. A
flashing, the samples were cooled slowly (;3 K/s) from
1150 K to room temperature.

A. Split-off dimers

The sample preparation procedure outlined above r
tinely produced samples with very low surface defect den
ties. However, the density of defects, including split-o
dimer defects, was found to increase over time with repea
sample preparation and STM imaging, as repor
previously.13 To rule out the possibility of this defect densi
increase being caused by the diffusion of P dopants to

FIG. 1. Ball and stick models of dimer vacancy defects:~a!
nonbonded 1-DV,~b! rebonded 1-DV,~c! 112-DV, and ~d! 111-
DV. Si atoms that have a dangling bond are shaded black. Heig
indicated in the top views by the diameter of the balls, with t
surface atoms having the largest diameter. The true minim
energy configurations for these structures involve buckling of
dimers in alternating directions along the dimer row. Howev
since the dimers switch between their two possible buckling or
tations at room temperature, the atomic positions shown here
resent the average positions of the atoms.
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surface, we have investigated a high P doped (1019 cm23)
wafer using STM and AES. By rapidly quenching th
sample from the flash temperature we were able to prep
the Si(001)23n surface,14 which contains a high density o
split-off dimer defects. However, no P AES signal could
detected from this surface, confirming that split-off dim
defects do not contain surface segregated P atoms.
known that split-off dimer defects are induced on the Si~001!
surface by the presence of metal contamination such as15

and W.16 The appearance of these defects in our samp
therefore points to a buildup of metal contamination, eith
Ni from in-vacuum stainless steel parts or more likely
contamination from the STM tip. After using an old W STM
tip to scratch a;1 mm line on a Si~001! sample in vacuum
and then reflashing, the concentration of split-off dimer d
fects on the surface was found to have dramatically
creased, confirming the STM tip as the source of the m
contamination.

Figure 2 shows an STM image of a Si~001! surface con-
taining a ; 10% coverage of split-off dimer defects. Th
majority of the defects in this image can be identified

is

-
e
,
-
p-

FIG. 2. A low-bias filled-state STM image of a Si(001)231
surface with split-off dimer defects is shown in~a!. Tunneling con-
ditions for this image were21 V sample bias and 0.8 nA tunne
current. Line profiles are taken across a single 112-DV both paral-
lel, X–X8 ~b!, and perpendicular,Y–Y8 ~c!, to the dimer row direc-
tion, as indicated in~a!. The schematic~d! is a top view ball and
stick model of a 112-DV with the approximate positions ofp
bonds indicated by shaded ellipses.
2-2
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SPLIT-OFF DIMER DEFECTS ON THE Si(001)231 SURFACE PHYSICAL REVIEW B69, 085312 ~2004!
112-DV’s, however, two 111-DV’s are also present, as in
dicated. The most striking feature of this image is the diff
ence in appearance of the split-off dimers in contrast to
surrounding normal surface dimers. Each split-off dimer
this image appears as a double-lobed protrusion, while
surrounding normal Si dimers each appear as a single b
shaped protrusion, as expected at this tunneling bias.17 Line
profiles taken across a 112-DV both parallel and perpen
dicular to the dimer row direction are shown in Figs. 2~b!
and 2~c!. The line profile parallel to the dimer row directio
agrees with previously reported profiles over 112-DV’s and
fits well with the accepted structure,7,9 as shown by the over
layed ball and stick model. The line profile taken perpendi
lar to the dimer row direction, however, clearly shows th
the split-off dimer of this defect is separated into two prot
sions, while the neighboring Si dimers are single protrusio
This is the first recognition and explanation of split-o
dimers appearing as double-lobed protrusions.

To understand why split-off dimers appear as doub
lobed protrusions we must consider the structure of th
defects shown in Figs. 1~c! and 1~d!. Normally Si~001! sur-
face dimers appear as bean-shaped protrusions in STM
ages because the dangling bonds of each Si dimer atom
to form ap bond between the two dimer atoms. However
we examine the split-off dimer structure closely@Figs. 1~c!
and 1~d!# we see that unlike normal surface dimers, the sp
off dimer has two nearest-neighbor second-layer atoms
each have a dangling bond. The separation distance betw
the split-off dimer atoms and these second-layer atom
sufficiently close to allow the formation ofp bonds. The
resulting four-atom structure can therefore be referred to
tetramer. We propose that the four dangling bonds of t
split-off dimer tetramer interact primarily along the bac
bonds between the split-off dimer atoms and the second l
atoms to formp-bonds down the backbonds, as drawn sc
matically in Fig. 2~d!. These two spatially separatedp bonds
therefore lead to the double-lobed appearance of the spli
dimers under low-bias filled-state tunneling condition
which we confirm in Sec. III with charge-density calcul
tions.

In an attempt to fully characterize the appearance of th
split-off dimers in STM images, we have performed a ser
of experiments observing split-off dimers with changi
STM sample bias. Figure 3 summarizes our results, show
images where a 112-DV and a 111-DV located next to each
other are observed at four different sample biases—
filled-state images and two empty-state images. In the fill
state image of Fig. 3~a! we see that at20.8 V the split-off
dimer of both the 112-DV and the 111-DV appear as
double-lobed protrusions similar to those in Fig. 2~a!. How-
ever, when the filled-state bias is increased in magnitud
22 V, Fig. 3~b!, the split-off dimers become single
protrusions and appear very similar to the surrounding n
mal Si surface dimers. This is because as the bias magn
is increased towards22 V, the dimer s bond and bulk
states contribute increasingly to the tunneling current17 and
the image of the split-off dimer reverts to the bean-sha
protrusion in the same manner as normal surface Si dim
In both of the empty-state images, Figs. 3~c! and 3~d!, ac-
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quired at10.8 V and12 V, respectively, the appearance
the split-off dimers is very similar to that of the surroundin
normal surface dimers. This is because under empty-s
tunneling conditions electrons tunnel into th
p* -antibonding orbitals of the dimers, resulting in the no
mal Si dimers appearing as double-lobed protrusions.18 It is
therefore only under low-bias magnitude filled-state tunn
ing conditions that split-off dimers appear significantly d
ferent to the surrounding normal Si surface dimers.

B. Experimental observation of surface strain
in complex defects

Another noticeable feature of Figs. 2~a! and 3~a! is the
enhanced brightness of the 111-DV compared to the 112-
DV. This is a reproducible effect that we attribute to an i
creased amount of surface strain induced by the 111-DV.
Figure 4 shows a series of adjacent defects forming a s
vacancy line channel in the surface. This channel is co
posed of individual 1-DV, 3-DV, 112-DV, and 111-DV de-
fects~see figure caption!. In the filled-state image, Fig. 4~a!,
there is a clear brightening of the dimers on one end of
111-DV’s and the dimers on both ends of the 1-DV, which
not present for the 112-DV’s. In the empty-state image o
the line of defect complexes, Fig. 4~b!, we note that there is
a darkening of the same dimers that are enhanced in
filled-state image.

Owenet al.10 have shown using low-bias STM and firs
principles calculations that the dimers neighboring a r
onded 1-DV are enhanced in low-bias filled-state STM i
ages due to the strain induced by the defect shifting
surface states upwards in energy toward the Fermi ene
This effect can be seen for the 1-DV in Fig. 4~a!, where the
neighboring dimers in the same row as the 1-DV are
hanced in intensity, with the magnitude of the enhancem
decaying with distance from the 1-DV. A very similar en

FIG. 3. Variable bias STM images of a 112-DV adjacent to a
111-DV. The split-off dimer of the 112-DV is indicated with a
black arrow, while the split-off dimer of the 111-DV is indicated
by a white arrow. All four images were acquired with 0.13 n
tunnel current and the sample bias for each image is~a! 20.8 V,
~b! 22 V, ~c! 10.8 V, ~d! 12 V.
2-3
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hancement can be seen around the 111-DV sites in this im-
age, with the split-off dimer in particular appearing mu
brighter than the surrounding normal surface dimers. Ho
ever, for the 111-DV only the dimers on one end of th
defect are enhanced in intensity, while the dimers on
other end of the defect are not. This observation can
readily explained since the 111-DV is composed of a reb
onded 1-DV adjacent to a nonbonded 1-DV@Fig. 1~d!# and
Owenet al.10 have shown that while the rebonded 1-DV r
sults in strain-induced image enhancement, the nonbon
1-DV does not. The observation of an asymmetric stra
induced enhancement of the 111-DV in Fig. 4~a! can there-
fore be taken as an experimental confirmation of the str
ture of this defect@Fig. 1~d!# and the first application of the
method of Owenet al.10 for identifying strain in more com-
plex surface defect structures.

The fact that the 112-DV causes no enhancement of
neighboring dimers over the surrounding normal surfa
dimers suggests that the 112-DV, unlike the 1-DV and 111-
DV’s, does not increase the strain of the surface. This at
seems strange, since the 112-DV involves a rebonded 1-DV
similar to the 111-DV structure. However, Wanget al.9 have
shown, using total energy calculations, that the junct
formed between the 1-DV and the 2-DV to create t
112-DV releases the surface strain that is present w
these two defects exist separately from one another.
STM data that we have presented here is therefore the
experimental verification of this calculation. The fact th
both the 1-DV and the 111-DV show local enhancement du

FIG. 4. Filled and empty-state STM images (21.2 V, 11.6 V,
0.15 nA! of a short chain of DV’s in a Si~001! surface. The indi-
vidual defects are~from top left to bottom right!: 111-DV, 111-
DV, 112-DV, 3-DV, 112-DV, 112-DV, 111-DV, 1-DV, and 112-
DV. Note the strain-induced brightening of the 1-DV and 111-
DV’s in the filled state~a! and the corresponding darkening in th
empty state~b!. These images were acquired from a 1019 cm23 P
doped sample.
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to strain, while the 112-DV does not, indicates that th
112-DV structure induces less local strain than the 1-DV

In their paper, Owenet al. do not present empty-stat
STM images, nor do they consider empty states in their tig
binding calculations. In Fig. 4~b!, we show an empty-state
image of the same line of defects shown in Fig. 4~a!. Inter-
estingly, in this empty-state image the dimers that were
hanced in brightness surrounding the 1-DV and 111-DV’s in
the filled-state image are less bright than the surrounding
dimers in the empty-state image. This suggests that the s
associated with these defects causes the lowest unoccu
molecular orbital~LUMO! of the adjacent dimers to als
shift higher in energy, away from the Fermi energy.

III. DENSITY-FUNCTIONAL CHARACTERIZATION
OF DEFECT COMPLEXES

To confirm the interpretation of our STM images, we ha
performed first-principles electronic structure calculations
both the 112-DV and 111-DV complexes using the Car
Parrinello molecular dynamics program.19 Valence electrons
were described using Goedecker pseudopotentials20 ex-
panded in a basis set of plane waves with an energy cuto
18 Ry and the exchange-correlation functional was of
BLYP form.21,22The calculations contained between 124 a
128 atoms in a 23838 slab within a 31.07037.675
319.253 Å3 supercell. The sixth layer was fixed and the f
surface was silicon-only with ap(232) reconstruction. The
vacuum spacing corresponds to six monolayers in thez di-
rection, and all calculations were performed withG point
sampling of the Brillouin zone only. A reference calculatio
was performed with no surface vacancies and assuming
p(232) structure in which the dimers buckled alternate
along the row. A single 256 atom calculation with a duplic
tion along they axis confirmed that the effect of dispersio
across the rows is minor as has been noted elsewhere.23

Both zero-temperature geometry optimization and hig
temperature molecular-dynamics calculations were used
explore a variety of surface and second-layer bonding c
figurations for the 112-DV and 111-DV. In addition to the
structures presented in Figs. 1~c! and 1~d!, we have calcu-
lated the energies of a wide range of alternative structu
including those with broken second-layer rebonding; the
dition of a monomer atom on the nonbonded tetramer~which
created a three-membered ring!; staggered second-layer reb
onding for the 111-DV ~one nonbonded and one re-bond
on each side of the split-off dimer!; and a single additiona
rebonding for the 111-DV. In addition, we used first-
principles molecular-dynamics calculations to explore co
figurational space and seek out any stable structures
were not manually constructed. However, simulations
temperatures up to 1000 K found no configurations that
not already been considered. All of the alternate configu
tions incurred an energetic penalty of 1 eV and higher, a
the most highly disfavored configurations~typically those in
which a bond had been broken! were not even metastable
The results confirm the configurations in Figs. 1~c! and 1~d!
are the lowest-energy geometries of both defect comple
The dimers are drawn symmetric in these schematics, h
2-4
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SPLIT-OFF DIMER DEFECTS ON THE Si(001)231 SURFACE PHYSICAL REVIEW B69, 085312 ~2004!
ever, the true minimum-energy structure at zero tempera
involved charge-transfer buckling of the Si dimers. It is w
known that at room temperature the barrier is sufficien
small for the dimers to flip flop between the two equivale
configurations.24,25 Our calculations show that the split-o
dimer tetramer also has two symmetrically equivalent bu
ling configurations, with charge transfer between the ato
of the tetramer buckling adjacent atoms in alternate dir
tions. By analogy with the normal dimers we can exp
room-temperature STM measurements of the tetramer to
age the average of the two configurations. The chemical
tential was determined from a 512-atom bulk calculatio
which yielded a formation energy of 0.85 eV for the 112-
DV, similar to the value of 0.65 eV computed by Wan
et al.9 The 111-DV formation energy has not been prev
ously reported, and we found it to be 1.13 eV. We note t
this value is high, but this is consistent with the rarity
observation of the 111-DV in STM experiments.

In Fig. 5 we present a series of calculated electron den
slices through various regions of the 112-DV marked by~a!,
~b!, ~c!, and ~d! in the ball and stick schematic. The char
density shown in the figure is the sum of the occupied Ko
Sham orbitals within 0.25 eV of the highest occupied m
lecular orbital~HOMO!. Taking into account the;0.5 eV
surface band gap of Si~001! and then-type doping of the
experimental samples, these states correspond approxim

FIG. 5. Cross-section electron-density plots for filled sta
within 0.25 eV of the HOMO for several cuts through the 112-DV
complex. The planes a,b,c and d through the top-view ball and s
model ~e! indicate the direction and position of the cuts, and t
shaded ellipses indicate thep bonding as inferred from the electro
density~see text!. Each electron-density plot is an average of bo
buckling configurations, and the atomic positions and bonds
shown as black balls and sticks. The slices are~a! rebonded 1-DV
edge dimer,~b! split-off dimer, ~c! split-off dimer backbonds,~d!
2-DV edge dimer.
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to the accessible states for a;0.75 V sample bias and ca
therefore be directly compared to the experimental data
Fig. 3~a!, which was acquired with a20.8 V sample bias.

The four charge-density slices in Fig. 5 show:~a! the
1-DV edge dimer,~b! the split-off dimer,~c! the backbond of
the split-off dimer, and~d! the 2-DV edge dimer, as indicate
schematically in~e!. The charge densities of both bucklin
configurations of the dimers and backbond atoms are a
aged, and the positions of the dimer and tetramer atoms
shown superimposed in both buckling configurations. In
case of the backbonds, the two configurations are not c
cident, and so the atoms and bonds are shown in projec
onto the plane in Fig. 5~c!. The 1-DV edge dimer in Fig. 5~a!
shows a clear three-lobed character with significant ove
between the up-atom charge density of the two buckling
entations, and a single lobe beneath the plane of the sur
at the mid-point of the dimer. Density-functional calculatio
by Hataet al.17 and tight-binding Green’s function calcula
tions by Pollmanet al.23 have separately identified this thre
lobed feature as being characteristic ofp bonding in flip-flop
dimers on the silicon surface, and we can therefore take
three-lobed feature as a signature ofp bonding in this work.
The backbond of the split-off dimer in Fig. 5~c! connects a
first-layer atom to a second-layer atom and also show
three-lobed structure. By analogy with the surface dimer
Fig. 5~a! we characterize this bond as havingp character and
have indicated this by the shaded ellipse~c! shown in Fig.
5~e!. The split-off dimer itself in Fig. 5~b!, however, does no
exhibit three-lobed character. Instead, the split-off dimer
four lobes; two located above the up atoms of the dimer
each buckling configuration and a second pair of spatia
separated lobes beneath the bond. The calculations thus
that p bonding occurs down the backbonds of the split-
dimer, but not across the dimer itself. The absence of thp
bond across the split-off dimer correlates with the doub
protrusions observed in the STM images. Finally, we a
consider the charge density of the 2-DV edge dimer, F
5~d!, and note that it also exhibits three-lobed character,
dicative of p bonding. This gives the 2-DV edge dimer
bean-shaped appearance in the STM image, as for the 1
dimer in Fig. 5~a!.

A similar situation exists for the 111-DV charge-density
slices shown in Fig. 6. The first three charge-density slic
Figs. 6~a!– 6~c!, are analogous to the slices for the 112-DV.
As was the case for the 112-DV, the rebonded 1-DV edge
dimer, Fig. 6~a! and the split-off dimer backbonds, Fig. 6~c!
exhibit three-lobedp-like character, while the split-off
dimer, Fig. 6~b! exhibits four-lobed character, consistent wi
an end-on view ofp-bonding down the backbonds. Finall
another slice is presented in Fig. 6~d!, which is through the
nonbonded 1-DV edge dimer as indicated schematically
Fig. 6~e!. It can be seen that the nonbonded 1-DV edge dim
appears quite different to the charge-density slices discu
so far. In particular, we note that the nonbonded 1-DV ed
dimer has a much reduced charge density compared to
other slices, Figs. 6~a!–6~c!. Examination of the structure
identifies strain as the characteristic that differentiates
dimer in Fig. 6~d! from the other dimers. Since the dimer
Fig. 6~d! is part of a tetramer, one might expect its appe
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S. R. SCHOFIELDet al. PHYSICAL REVIEW B 69, 085312 ~2004!
ance to resemble the split-off dimer which is also part of
tetramer shown Figs. 6~b! and 6~c!. However, a detailed ex
amination of the simulated structure reveals that the n
bonded 1-DV tetramer is relaxed, since there is one adja
dimer present, while the split-off tetramer is highly strain
because of the rebonding in the second layer. Since the
bonded 1-DV tetramer is much less strained, its occup
states lie further from the Fermi level, explaining the cha
reduction observed in calculations in Fig. 6~d!. As discussed
in Ref. 26, the minimum-energy arrangement of the electr
in a tetramer is one where thep states are delocalized acro
the four atoms, to form three bonding segments, as indic
by the ellipses in Fig. 6~e!. The charge-density slice of Fig
6~d! is consistent with such an arrangement where the ch
density is shared betweenp-like bonds on both backbond
and across the dimer atoms. We conclude that this cha
density arrangement forms for the nonbonded 1-DV tetra
because it is allowed to relax. In the case of the split-
dimer, the tetramer is constrained by the rebonding and
stead forms a higher-energy configuration in which
p-bonds conjugate to form twop-bonds down its back-
bonds.

We have also prepared charge-density plots analogou
those shown in Figs. 5 and 6 for a summation of the Ko
Sham orbitals to 1 eV from the HOMO. For both th
111-DV and 112-DV, this has the effect that the dime
bond and back-bond states begin to contribute to the ch
density, resulting in all the dimers, including the split-o

FIG. 6. Cross-section electron-density plots for filled sta
within 0.25 eV of the HOMO for several cuts through the 111-DV
complex. The planes a,b,c, and d through the top-view ball and s
model ~e! indicate the direction and position of the cuts, and t
shaded ellipses indicate thep-bonding as inferred from the electro
density~see text!. Each electron-density plot is an average of bo
buckling configurations, and the atomic positions and bonds
shown as black balls and sticks. The slices are~a! rebonded 1-DV
edge dimer,~b! split-off dimer, ~c! split-off dimer backbonds,~d!
nonbonded 1-DV edge dimer.
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dimers, appearing at similar intensities. Moreover, the sp
off dimer loses its double-lobed appearance to appear w
the bean-shaped appearance of normal surface dimers.
is in good agreement with our experimental observations
these defects, where, as we increase the bias magnitud
double-lobed appearance of the split-off dimer is lost and
the dimers appear with similar intensity@e.g., Fig. 3~b!#.

IV. NEW STEP EDGE DEFECT

Having presented a detailed understanding of the e
tronic structure of previously observed split-off dimer d
fects in the Si~001! surface using both STM and first
principles calculations, we now turn our attention
elucidating the structure of a previously unreported split-
dimer defect. In Figs. 7~a! and 7~b! we show filled- and
empty-state STM images of DV defects at a single-la
SB-type step edge. At the top of these images white arro
indicate three defects known asSB-DV’s, which are reb-
onded 1-DV’s at the step edge, which leave a single split
dimer as the last dimer before the lower terrace begins.27 As
was the case for the 111-DV and 112-DV, the split-off

s

ck

re

FIG. 7. ~a!, ~b! Filled- and empty-state images (61.2 V) of DV
defects at anSB-type step edge. White arrows indicateSB-DV’s
~Ref. 27!, while black arrows point to a previously unreported d
fect that exhibits a third protrusion in the filled-state giving it
triangular appearance. We propose the structure~c! as a model for
this defect. Calculated charge-density slices at a constantz height
for the dashed region of~c! are shown in~d! and ~e! ~for Kohn-
Sham orbitals summed over 0.45 eV below the HOMO and 0.45
above the LUMO, respectively!. These contour slices are in goo
agreement with the STM images in~a! and ~b!, in particular, pre-
dicting the correct spacing of 6.4 Å between the split-off dimer a
third protrusion and also the disappearance of the third protrusio
the empty state. The horizontal tic-marks in~d! and~e! indicate the
dimer positions on the defect-free surface.
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SPLIT-OFF DIMER DEFECTS ON THE Si(001)231 SURFACE PHYSICAL REVIEW B69, 085312 ~2004!
dimers inSB-DV’s appear as double-lobed protrusions und
low-bias filled-state imaging conditions, Fig. 7~a!. At the bot-
tom of Fig. 7~a! two similar DV complexes can be observe
as indicated by black arrows, however, these defects ha
third protrusion giving them a triangular appearance.
empty-state imaging, Fig. 7~b!, however, the additional third
feature is not present. These triangular-shaped defects
not been reported on the Si~001! surface before and mos
likely arise due to the presence of W contamination.

Our proposed structural model of the triangular-shap
defects in Fig. 7~a! is shown in Fig. 7~c!. This model consists
of a nonbonded 1-DV defect at anSB-type step edge, fol-
lowed by a rebonded split-off dimer and a bound Si mon
mer. Swartzentruber has previously observed Si monom
on the Si~001! surface using high-resolution STM after d
positing a few percent of a monolayer of Si atoms to
surface.28 These monomers were bound at rebondedSB-type
step edges, confirming the minimum-energy binding posit
predicted by first principles calculations. The binding po
tion of the monomer in our proposed structure, Fig. 7~c!, is
essentially the same position observed by Swartzentru
with the difference being the presence of the DV defect
jacent to the step edge. Swartzentruber also observed tha
Si monomers bound atSB-type step edges were visible in on
bias polarity~empty state! but invisible in the other~filled
state!. Our images reveal a similar effect, however, the fe
ture we observe appears in filled-state images while be
invisible in empty-state images. We attribute this reversa
the bias dependance of the monomer to the existence o
adjacent DV changing the local electronic properties of
monomer. However, while we feel it is unlikely, we cann
rule out the possibility that this monomer is a contamin
species, e.g., a P dopant or metal contaminant.

We have performed first-principles calculations to p
duce charge-density contours for our proposed structure.
ure 7~d! shows a constantz-height contour slice taken 1.2 Å
above the monomer for occupied Kohn-Sham orbitals wit
0.45 eV of the HOMO. We see in this charge-density cont
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slice the two lobes expected for the split-off dimer as well
a third lobe due to the bound monomer. Moreover, the d
tance between the split-off dimer lobes and the monom
lobe is 6.4 Å in agreement with the separation seen in
STM image. In Fig. 7~e! we show an empty-state slice take
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lobe is significantly lessened in intensity. The results of o
first-principles calculations therefore give good agreem
between our proposed structure and the observed defect
presence of the split-off dimer must therefore be respons
for the reversal of the filled- and empty-state monomer ch
acteristics when compared to those observed for monom
bound to rebondedSB-type step edges.

V. SUMMARY

We have investigated split-off dimers on th
Si(001)231 surface using high-resolution STM and firs
principles calculations. We find that split-off dimers formp
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lobed appearance in low-bias filled-state STM images.
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