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Soliton effects in dangling-bond wires on Si001)
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Dangling bond wires on 8)01) are prototypical one-dimensional wires, which are expected to show po-
laronic and solitonic effects. We present electronic structure calculations, using the tight binding model, of
solitons in dangling-bond wires, and demonstrate that these defects are stable in even-length wires, although
approximately 0.1 eV higher in energy than a perfect wire. We also note that in contrast to conjugated polymer
systems, there are two types of soliton and that the type of soliton has strong effects on the energetics of the
band gap edges, with the formation of intragap states between 0.1 and 0.2eV from the band edges. These
intragap states are localized on the atoms comprising the soliton.
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. INTRODUCTION row.° The atoms in such wires have been shdboth theo-

There are many motivations to understand the transporetically and experimentaljyto undergo a Peierls/Jahn-Teller
properties of materials in the extreme one-dimensional limittype distortion, giving rise to an alternating pattern of atomic
Some are technological: the logical conclusion to the historigositions with respect to those of the passivated surface, and
reduction in size of electronic components would be activegproducing the electronic structure of a one-dimensional
device elements, and passive connections between them, thetrrow-gap semiconductdt.In contrast to the conducting
are of atomic scale. There has been much recent interest golymers, this distortion occurs predominantly perpendicular
structures that might act as atomic-scale wi@sas atomic-  to the axis of the “wire”; however, as in the conductive
or molecular-scale switches. Other reasons relate to fundgolymers, the resulting structure is not expected to be
mental physics: transport in one dimension is very differentstatic.” We recently predicted* on the basis of tight-
to higher dimensions, because the coupling of electrons tginding calculations, that electrons or holes introduced into
other excitations, both of the lattice and of the electronicgych wires will produce self-trapped “small polaron” de-
system, is strong. This can lead to instabilities such as thgyets. pespite their localization, we have also shown that
formation of a Luttinger liquiéi or one of a Peierfs(infinite  {ase defects are remarkably mobile near room temperature

wire) df)r lJahtn—TeIIe"r (J!?itet_wire)t dtistortioni with Ct?”e' and abové? raising the interesting possibility of the trans-
spondingly strong modifications to transport properties. port of charge through such devices.

O_ne striking example_of this type.of behavior is N CON-" 1t is natural to ask whether there might be solitonic, as
ductive polymer systentsThese exhibit an alternation of well as polaronic, defects in dangling-bond wiréss in
double and single bonds which is at least partly of the C|aSSI%_PA); after all, these structures are degeneftie total en-

Peierls type(driven by electron-lattice couplingalthough O ) q handing the “uo” and “down”
electron correlation effects may also be imporfa@arriers €9y IS Invariant under exchanging the “up” and “down

introduced into these systems are localized, probably parti}toms- This question is intimately related to the effect of
by disorder but also to a significant degree by self-trappinglifférent types of boundary condition; in the case of t-PA,

by the lattice’ There are two main classes of charged defectdouble bonds are “anchored” at the ends of the chain, so that
one is the polaron, which is similar in principle to excitations the ground state of a neutral chain with odd length contains a

in higher-dimensional systems. Here the carrier is surbond-alternation defedsoliton at the center. The behavior
rounded by a region in which the atomic distortions serve tdn t-PA is simple because the energy scales for the binding of
lower its own energyin this case, involving a reduction in double bonds to the ends of the chain are much larger than
the double-single bond alternatiorThe second type is the any involved in the formation of defects along it.
soliton; this can occur only in “degenerate” systems, such as In this paper we explicitly focus on the behavior of
trans-polyacetylene(t-PA), where there are two equivalent dangling-bond wires of finite length, with a view to studying
ground states of an infinitely long chain, in which the doublethe formation of charge-neutral solitons and the end effects.
and single bonds are interchanged. The soliton involves §Ve find that the situation is more complicated than in t-PA,
midgap state associated with a “domain wall” between re-because the energy scales of the end effects and the defects
gions of opposite bond alternation. Although localized, bothare comparable to one another. This means that there is a
polarons and solitons are highly mobile, and much is knowrmuch more complex behavior when deliberate defects are
about their effect on transport in both the coherent and incointroduced into the alternating pattern. Accordingly we pay
herent limits>®*° particular attention to the stability of various possible defects
In this paper, we examine an alternative pseudo-oneand their contributions to the electronic structure of the wire.
dimensional system based on the “dangling-bond wire.”In light of the large number of possible initial configurations
This system is formed on a hydrogen terminated siliconand the necessarily large system size4Q0 atomg we
(001 surface via scanning tunneling microsopy induced sechose to use a semiempirical tight-binding apprdachat
lective desorption of hydrogen along the edge of a dimewas fast enough to allow a comprehensive study of possible
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defects and had accurate parametrizations available for the TABLE I. Total energies(eV) calculated for relaxed perfectly
system under consideration. ordered three and eight-atom-long chains at 0 K as a function of
k-point mesh size.

Il TECHNICAL DETAILS Mesh size Three-atom chain Eight-atom chain

A. Basic configuration and relaxation parameters Ixix1 —1963.7827 —1948.6625

1X2X1 —1963.7828 —1948.6625

Assilicon slab was constructed out of six layers, parallel toox 1x 1 —1964.1376 —1949.0197

the (001) plane. Each layer had axd12 array of silicon 2x2x1 —1964.1377 —1949.0197
atoms positioned at the appropriate positions for a perfecix4x1 —1964.1377 —

“diamond” lattice, with the “bottom” layer terminated with 4% 1% 1 —1964.1364 ~1949.0183
hydrogen atoms. This layer and the associated hydrogen afx. 5 1 —1964.1365 _
oms were not allowed to move during relaxation, and reprez y 4 1 —1964.1365 _
sented the bulk. The unterminated upper surface was allowe ax4 1964.1365 .

to reconstruct to form a pair of dimer rows. TH&01) sur-
face was then terminated with hydrogen atoms to produce a

fully terminated slab that served as a basis for all the simu- Convergence of the total energy was tested with respect to

lations. This unit cell contained 432 atoms. the k-point mesh. An initial search was performed with a
Each slab was separated from its neighbors by a vacuum P : P

gap of 15 A once periodic boundary conditions were appliedthree atom wire to minimize the calculation time, and se-

) ) . . lected results replicated with an eight atom wire. Table |
For the maximum length considered of eight dangling bonds .
: . . Shows the results of the convergence calculations. Results
each wire was isolated by four hydrogen terminated atom3

from its virtual neighbors along the wire direction, while Kvﬂi;ekho?;?g:gg I)ZIchgriverﬁ]gdg)hglall l?s\i/)mulgt?(l)nngs f;_
shorter wires had proportionately greater numbers of hydroéented below used such a ?neéh P
gen terminated atoms at each end. All wires were isolated by '

a completely terminated dimer row from adjacent wires once
periodic boundaries were considered, as this has been found B. Configurations considered
to provide adequate isolatidfl.

Wires were created by removing the required number of Danglin_g-bondDB) wir_es fOUF six, and eight atom_s long
%/ere considered. Some simulations of odd-length wires were

terminating hydrogen atoms from the upper surface, alon -
one side of a dimer row. The reference point for distortion effo”‘_‘ed' but these were not pursued for reasons dlscyssed
elow in Sec. Ill A. Each wire was considered initially with

was the average position of hydrogen terminated silicon at=

oms in the passivated surface, labeled as the baseline Bprfect structure, i.e., the initial starting positions were alter-
“level” position. Displacements normal to the surface in the Nat€ly up then dowror vice versa Defects were then in-

direction of the bulk were “down,” and those away from the troduced consisting of two adjacent up atoms or two adjacent

bulk were “up.” Before relaxation, up atoms were displaceddown atoms at all possible positions in the wire, with the

by an additional 0.3 A compared to terminated atoms of the(emaining atoms alternating appropriately. All defects were

normal spacing, and down atoms by 0.4 A less than termil€utral. An example of an eight atom wire with a down-

nated atoms. down defect is shown in Fig. 1.
Previous work® examined the effect of slightly perturbing
the starting positions to determine whether the final results
were stable with respect to small distortions, and found that
this was the case. Accordingly only one magnitude of start- A. End effects
'ng dlsplacement was con5|de_red in this study. . We have previously tested the use of tight binding for
All relaxatlpns and electronic structure ca_lculat!on_s WEre, ite dangling bond wires-12obtaining a good agreement

performed using the Oxford Order-{OXON) tight-binding with experiment andab initio results. However, when we
package'” Structural relaxations were performed at a SYSteMame to examine finite wires with an 6dd numbér of sites, we
temperature ©0 K until the maximum force per atom ’

o - . ) found an anomaly: one site on the wire became “levei.,
reached the limit of 0.01 eV/A . The majority of simulations : o
required on the order of 150 iterations to relax. The Hamil—at the same height as if it were hydrogenat@ad the rest of
tonian was solved using exact diagonalization, and periodic
boundary conditions were applied to the simulation. Spin
polarization was not included in the calculations. The silicon
parametrization used was that of Bowtsral,'® which was X
specifically fitted for the $001) surface and hydrogen on
that surface. It is worth noting that this parametrization did F|G. 1. A DB wire of length eight, with a DD soliton in the
not fit to the conduction band, so that absolute values shoulghiddle (marked with darker atomsThe image shows only the top
not be trusted, though generic behavi¢ssich as shifts in  four layers of silicon, and limited terminating hydrogefmme on
levels are likely to be correct. the left and two on the right

IIl. RESULTS
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the wire behaved as a wire with an even number of sites, in TABLE II. Final structure, energy change, valence and conduc-
contrast toab initio results. The local charge on the level tion band offsets, and starting structure for soliton-containing even-
atom was zero, again in contrast to the rest of the wirdength wires. g represents difference in total energy relative to a
(where down atoms showed a charge deficit and the up atonpgrfect wire. All energy differences are in electron volts. Soliton
showed a charge excéstn this section, we explore the rea- defects are shown in bold. VB stands for valence band, and CB for
sons for this behavior and investigate whether tight bindingonduction band.

is a viable technique for such systems.

The shortest, and simplest, finite wires of odd and evelt " Far VB offset  CB offset Initial
length for which there are experimental data are those withyqyq _ _ _ udud
three and four sites, respectivlythe length 2 wire might  y,qu _ — — dudu
be too short, as it effectively consists of only end atbriige udud . - . ddud
have a.lready_ performed extensive in\(estigations of this sys;qud . o . udiu
tem using spln—pola.nzed den_sny funcnongl theory, and foun ddu 0.111 0003 0109 wdu
good agreement with experimelfitin particular, we found 0111 0,003 0110 uudu
that the length 3 wire has a rather small displacement patterfy ' . :

; . uud 0.102 0.224 0.012 whd
(with the two end atoms 0.11 A higher than the central
atom), in close agreement with experimemthere displace- duud 0.101 0.224 0.012 did
ments of 0.15 A are measufiednd that the length 4 wire dududu - - - dududu
can form alternating up/down or down/up patterns, or arf'dudud - - - ududud
up/down/down/up pattern. ududud - - - ddudud

Our tight binding simulations of even length wires were ududud - - - ududu
in good agreement both with the experimental results and theddudu 0.114  -0.003 —0.106 wdudu
density functional theoryDFT) simulations. In order to bet- uddudu 0.114  -0.002 —0.106 uududu
ter understand the peculiar behavior for the odd length wiregiduddu 0.114  -0.002 —0.106 udiudu
we used local charge neutralitCN) Ref. 19 (where the ududdu 0.114 —0.002 —0.106 udadu
on-site energies of individual atoms are adjusted until theiduudud 0.104 0.226 0.007 ddud
net charge is zejao remove any charge transfer effects in duudud 0.104 0.226 0.006 udidud
the tight-binding simulationfit is worth noting that it is still  duduud 0.104 0.226 0.007 dudd
perfectly possible to obtain buckled dimers on the clearduduud 0.104 0.226 0.007 dudd
Si(001) surface with a LCN condition—we consider the ef- dudududu — — — dudududu
fects on an even length wire beldwihe length 3 wire be- ydududud — _ — udududud
came almost flat under this condition—though the two endjydududu _ _ _ dududid
atoms were 0.06 .A higher than the central atom, in qualitagydududu — _ _ uudududu
tive agreement with experiment and DFT modeling. We alsqQ,yqududu 0.115 0000 -0102 wdududu
modeled the length . 4 wire with LCN, and fc_)und little |, qdududu 0.115 0.000 ~0.103 udiududu
change—the alterna'tlng up/down pattern was still observed,y yqudu 0.117 —0.001 _0.105 udddudu
However, the_ LCN S|mulat|ons_ were e_xtremely hard to CON-, duddudu 0.117 0.000 _0.105 udududu
verge, and did not show partlc_ularly |mpr_oved r_esults. Weududedu 0115 0.000 0102 ududddu
conclude that, for odd length wires, there is spurious charge
transfer that makes modeling these systems potentially inaé‘—duomﬂIOIU 0.115 0.001 ~0.102 udududu
curate in tight binding, and we will not consider them duududud 0.104 0.228 0.003 " ddududud
further?® However, for even length wires there is no problemdUUdUdUd 0.105 0.227 0.004  uddudud
and we will continue to model these using tight binding with duciudud 0.106 0.230 0.009  ddudud
confidence. duduudud 0.106 0.230 0.009 duddud

dududiud 0.104 0.227 0.003 duddud
B. Solitons in even |eng’[h wires dududiud 0.104 0.228 0.003 dududd

Simulations were performed for chain lengths of four, six,
and eight dangling-bond systems. Initial configurations were
chosen so as to include all possible permutations of singlatoms associated with a soliton in bplthd various energies,
position ordering defects, for both up and down types. AllTable Il shows the initial configuration for each system. It is
relaxations successfully converged to the force limit. Theimportant to note that several different initial configurations
results are shown in detail in Table I, but in summary bothled to the same final configuratioffor reasons discussed
uu and dd soliton defects could be formed in the relaxed below).
wire. Compared to a perfectly ordered wire, those containing The effects of the ends of the wire are rather sradlly
solitons are approximately 0.1 eV less stable. No soliton dea few me\}, but seem to exert a small attractive force on the
fects formed on the end atoms, and there was strong periodolitons. More interesting is the apparent instability of soli-
icity in possible locations of the defects, as seen in the tabléons of both kinds exactly at the ends of the wiend of

As well as showing the final, relaxed configuration of thecertain configurations with the solitons in the middle of the
wires (with up atoms notated “u,” down atoms “d,” and wire). For instance, the third and fourth lines of Table II
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TABLE IIl. Values of the band gap in even-length wires con- 2? i . .
taining various defects. VB stands for valence band, CB for con- g, 2"™* ) Ul soffton © DD solfon
duction band, all energies are in eV. 63 |
64 |
65
Length Defect VB Edge CB Edge Bandgap st
-8.7 -
4 Perfect —7.66 —-6.35 1.31 =
dd —7.66 —6.46 1.20 70}
71 Ef=-7.14 Ef= 4
uu —7.44 -6.33 1.11 ayl E— B A
73 F
6 Perfect —7.66 —6.36 1.30 74t
dd —7.66 —6.46 1.20 L
uu —7.43 —6.35 1.08 RESS
78
8 Perfect —7.66 —6.36 1.30 ol
dd —7.66 —6.46 1.20 81 |
uu ~7.43 ~6.35 1.08 o2

FIG. 2. EnergiegeV) of states adjacent to the band gap far

— ) . perfectly ordered eight atom wiré) an eight atom wire with a UU
show that the initial configurations DDud and UUdu relaxeddefect, and(c) an eight atom wire containing a DD defect. The

back to perfect wires, while the eighth line shows that duDD : )

relaxed Eack to duud. This patter% can be easily understoogerml levelis shown as ET.

in terms of charge balance: an up atom is associated with an

excess of charge, while a down atom is associated with garticular the second and third layer atonirs such a way
deficit of charge. The configurations which were unstablethat alternating up and down displacemefgither along or
(which includes all systems with a single soliton at the end oficross a dimer royare energetically favorable. When this is
the wire had different numbers of up and down atoms,interfered with, as in a soliton, the extent of the relaxation
which would lead to charge imbalance, so they changed to towardssp?® or sp?+p is reduced, and the band edges are
stable configuration with equal numbers of up and down ataffected. This is in marked contrast to conjugated polymers,
oms, either removing the soliton entirely or changing it. ~ as will be discussed below.

Looking at the electronic structure of relaxed wires con- We display the physical displacement of the atoms for a
taining solitons, the presence of a soliton reduced the banfiite, nondistorted wire, and wires with both types of soli-
gap. The general pattern is that a DD type defect lowered thton, in Fig. 3. We also show by dotted lines, the heights of
bottom of the conduction band, while a UU type defectatoms in a perfect wir¢up and dowh and a hydrogenated
raised the top of the valence band. The values for differenwire. We can see a number of effects in the figure. First, the
length wires are shown in Table III. If the soliton was of the end atoms are slightly depressed relative to the perfect wire
DD type, the bottom of the conduction band was lowered bypositions, as we might expect—they are slightly more con-
0.1 eV, while the top of the valence band was raised by 0.22
eV by the presence of an UU defect. Both these effects were . . - . T yg——
due to the introduction of a intragap state, as illustrated in,,| e ]
Fig. 2. We recall that the system was not parametrized for the
conduction band, and accordingly absolute energies relating
to it should be treated with caution. We also note that the =}
value of the gap is in good agreement with our previous
calculations on the systeth.

A soliton is generally associated with a midgap state,?®[
which is seen here in the change of the valence and conduc
tion bands. These effects can be understood in terms of th
hybridization of the silicon making up the surface: in ideal, =er
bulk positions the atoms asp® hybridized, but reconstruc-
tion into dimers at the surface pulls the atoms away from this,,, |
state. When Jahn-Teller distorted, either during buckling of
dimers or forming a finite length DB wire as here, the atoms s o s 20 2 %0 P p
displaced up move closer tep® hybridization and gain Atom postion (Angstroms)

charge(tending to a lone pairwhile the atoms displaced FIG. 3. Effects of soliton formation on the displacement of at-
down move closer tep” hybridization with a lonep orbital  oms forming finite DB wires. We plot the absolute vertical position
and lose chargétending to an empty dangling bondrhus  (A) of atoms forming the wire in systems containia a central

the up atoms are associated with filled states at the top of theu soliton, (b) a central DD soliton, andc) a perfect alternating
valence band, while the down atoms are associated wittvire. The positions of equivalent silicon atoms in a perfectly hy-
empty states at the bottom of the conduction band. The ugrogenated surface and of up and down atoms in an infinite wire are
and down displacements affect the underlying substiiate shown by horizontal dotted lines.

X
down atoms in infinite wire
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035 ' ' : T ™ ) VB dudllond —— atoms and has two forms, while in conjugated polymers it is
e X uduDDudu ---%--- H 1 i

,. i ReBuAbo associated with the bond lengths near a single atom, and has

only one form.

0.25

T IV. DISCUSSION AND CONCLUSIONS

o2 | § Although the dangling-bond system is too reactive to be a

component of nanoscale circuitry, it does serve both as a
- potential model for the study of one-dimensional conductors

and as a stepping stone to realizable useful systems, for ex-
8 ample as a template for the deposition of metal atoms in

linear features. As such it is important that systems can be
. modeled accurately and quickly. In this paper, we have dem-
onstrated that tight-binding simulations are suitable for even-

0 length wires, and used such techniques to explore the stabil-
Atom position (Angstroms) ity of ordering defects in the Jahn-Teller alternating

. i _ displacement seen in perfect dangling-bond wires. We note
FIG. 4. Effects of soliton formation on the electronic structure that the modeling of odd-length wires is complicated by the

of fln.lt.e DB wires. We plot contributions to the wave functlon. for gevelopment of “level” atoms in the relaxed system. This
specific bands from atoms most strongly affected as a function o

distance along the wirdga) Highest occupied electronic state for a appears to be related to difficulties in adequately modeling

central UU soliton,(b) Lowest unoccupied electronic state for a unpaired electrons using the tlg_ht-bln(_jlng for_mallsm; we
central DD soliton. have modeled these systems using spin-polarized DFT, re-

ported elsewher®®

In the even length system, we demonstrate that soliton-

strained. Second, the atoms in the solitons are pulled W& he defects, where alternation between up and down dis-
from the perfect wire positions considerably: the DD soliton lacements i,s interrupted, are oniy0.1 eV less stable than

?Eﬁgllls a{ﬁem:g/ieﬂgjgr’sagg ttr?ee gotﬁtzcr)]gtoar;sﬁﬁsﬁg?gdedbdotvr\]’ehe perfect wire, but are associated with strong effects on the
Y, 9 y dges on the valence and conduction bands, as shown in Fig.

defect: their heights are essentially equivalent to the perfe _as a consequence of changes in the hybridization state.

wire positions. The presence of a “UU” defect leads to the formation of an
looking at the contributions to the appropriate wave func_)(solated state 0.22 eV above the original valence band. A
g bpprop ‘DD” defect is associated with a state 0.1 eV below the

tions from the atoms in the system, as plotted in Fig. 4. We__.~. : . )
show the contributions to the highest occupied band for a?”gmal conduction band, although the conduction band en

ergies should be treated with caution due to the nature of the

UU defect and to the lowest unoccupied band for a DD de- -
. arametrization. We also demonstrate that these states con-
fect. These show that the gap states are strongly localized gn. - : .
o ain large contributions from the atoms associated with the
the defect atoms, and have almost no contributions from

neighboring atoms. The overall structures of the defects argefeCt’ \.e., localization.

similar to that of the polaron seen in the same systetf,
and indicates that the soliton is similarly weakly coupled to
the bulk. The overall behavior and form of the soliton in the  We thank the UK Engineering and Physical Sciences Re-
DB wire are very different from the conjugated polymer sys-search Council for fundingC.F.B) and the Royal Society
tem. In particular, the soliton is associated with a pair offor a University Research Fellowsh{p.R.B.).
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