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Conductance of a finite missing hydrogen atomic line on Si„001…-„231…-H
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We present the results of a calculation of zero-temperature elastic conductance through a finite ‘‘atomic
wire’’ between Au pads, all supported by a Si~001!-~231!-H surface. The atomic wire consists of a line of
dangling bonds which can be fabricated by removing hydrogen atoms by applying voltage pulses to a scanning
tunneling microscopy~STM! tip along one side of a row of H-passivated silicon dimers. Two different line
configurations, without and with Peierls distortion, have been considered. We find that the nondistorted line
behaves like a single ballistic transmission channel. Conversely, with Peierls distortion present, tunneling
occurs through the small resulting energy gap (0.2 eV), leading to inverse decay length of the current of
0.09 Å21. The conductance of the substrate between the pads without the defect line has also been calculated.
In this case, tunneling occurs through a much wider energy gap and a larger inverse decay length of 0.41 Å21.
These fully three-dimensional atomistic computations represent an application of the electron-scattering
quantum-chemistry method which was previously used to calculate the conductance of ‘‘molecular wires’’ and
of STM junctions with various adsorbates. Compared to molecular wires previously investigated by the same
method, the atomic wire studied here exhibits the smallest inverse decay length.@S0163-1829~99!09123-7#
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I. INTRODUCTION

There is an increasing interest in fabricating atomic-sc
nanostructures for fundamental research1 and for applica-
tions like further miniaturization of electronic devices.2 Sev-
eral studies have revealed the ability of the scanning tun
ing microscope ~STM! to modify surface structure in
controlled ways on an atomic scale. Thus adsorbed at
can be moved one by one,3,4 or removed selectively to creat
artificial patterns,5,6 in particular atomic lines.7,8 Up to now,
however, even the properties of such an isolated atomic w
have not been completely known. The eventual use and
experimental characterization of such nanowires is diffic
because they must be contacted to perform electr
measurements.9 From a theoretical point of view, the elec
tronic properties of finite atomic wires~one atom in section!
between two electrodes have usually been calculated
free-standing wires, consisting of one,10,11two,12,13or several
atoms.14–18 In this case, they are assumed frozen in a lin
extended form, although the cohesion of the material ma
fact favor a more compact configuration of the available
oms. Though short free-standing wires can actually be m
between a STM tip and the surface of a suitable samp19

useful atomic wires must ultimately be stabilized by bond
to a solid substrate. The underlying material imposes a
ticular conformation and orbital configuration along t
atomic wire which may be different from the idealized on
so that the surface leakage paths must be estimated. B
PRB 590163-1829/99/59~24!/15910~7!/$15.00
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structure calculations of infinite supported wires have be
performed.20,21 In this case, the effect of the underlying su
face is fully considered. However, to progress further in
analysis, while staying close to reality, theoretical stud
must take into account both the substrate and the contac
pads which add some contact resistance to any finite-
device.

Several groups have reported the observation of atom
scale lines. Thus Nogami reported the formation of sing
atom wide atomic lines of Ga, In, Sn, and Al on the Si~001!
surface at low coverage and even at room tempera
~RT!.22 Pb atomic lines can also be grown on this surface23

Different systems and supporting substrates are poss
thus Cu wires have been observed on the Pd~110! surface,24

and isolated lines of Si-dimers appear onb SiC(001) upon
partial evaporation of silicon, starting from the Si-rich 332
reconstruction.25

A particularly interesting kind of atomic-scale line can b
made on the monohydride Si~001!-~231!-H surface using a
STM in ultrahigh vacuum by applying voltage pulses acro
the STM junction to selectively desorb hydrogen ato
along a dimer row.7 This creates adangling-bond~DB! wire
because each dehydrogenated silicon atom carries one
gling orbital. Such DB wires have been experimentally fou
to be metallic at room temperature,26–28 each DB creating a
surface state in the energy gap. At low temperature, a Pe
distortion29 occurs, stabilizing a semiconducting structure
opening a small gap at the Fermi level. Up to now, nond
15 910 ©1999 The American Physical Society
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PRB 59 15 911CONDUCTANCE OF A FINITE MISSING HYDROGEN . . .
torted supported infinite wires have been investigated
band-structure calculations,21 but not the electrical propertie
of finite atomic wires, whether Peierls distorted or nond
torted. Moreover, the resulting reactive DB structure can p
sumably be used as a trap for other species, and thus to
different kinds of atomic wires.21,8,30

In this paper, the length dependence of the conductanc
a DB line stabilized on a Si~001!-~231!-H surface is inves-
tigated in detail. The influence of the contacting pads and
finite line length are fully taken into account together w
the complete atomistic and electronic structure of the l
and of the supporting substrate. Electron-electron
electron-phonon interactions, inelastic scattering, and fin
temperature effects are not included. The conductance of
nar Au pad–@Si~100!-~231!-H#–Au pad junctions is calcu
lated with and without the atomic DB line. The conductan
of the full hydrogen-passivated substrate decreases expo
tially with the distance between the two pads, as expected
an insulating surface. In the presence of the DB line,
one-dimensional electronic band structure of the latter is p
gressively recovered with increasing length. If Peierls dist
tion is taken into account, theI -V characteristic of the chain
is linear at low voltage, but its conductance is determined
tunneling, and decreases exponentially, albeit with a r
tively small inverse decay lengthg of 0.09 Å21.

II. MODELS

Our conductance calculations were performed with
elastic-scattering quantum-chemistry~ESQC! method.31 The
advantage of this technique is its ability to calculate exac
the scattering by a complex inhomogeneous subsystem
defect embedded in a periodic system. Here we deal wi
finite supported atomic wire contacted by metallic pads, t
ing into account the valence electronic structure of the w
of the substrate, and of the pads in a lowest combination
atomic orbitals representation. In this way, effects due to
finite size of the wire, to the contact resistance between
wire and the pads, and to the coupling with the substrate
considered. Figure 1 shows the ‘‘defect’’ which contains t
metal-atomic wire-metal junction of interest and part of t
substrate. It includes the edges of the gold pads and a s
layers silicon slab with an ideal 131 hydrogen-passivate
bottom surface~dihydride! approximately simulating bulk
silicon, and a passivated 231 top surface~monohydride!.
The top silicon layers accommodates four dimers in
transverse direction in the defect part, in order to make
eral wire-wire image interactions essentially negligible wh
applying periodic boundary conditions. Several interpad d
tances have been considered, encompassing 1–11 di
along the wire direction. The periodic system on both sid
of this defect is composed of the gold pad layers, the sev
layer silicon slab, and the dihydride layer at the botto
Bloch states propagating in the plane of this system de
the incoming and scattered states with respect to which tr
mission amplitudes and the conductance are calculated. F
long wire, the scattering states of such a complex sys
cannot at present be calculated on anab initio level. For
example, the number of atoms required to calculate the c
ductance of the 11 missing hydrogen atomic line is ab
1100 atoms~defect part! for 5-nm-wide contacting pads
y
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Therefore, a semiempirical approximation, the extend
Hückel molecular orbitals~EHMO! model,32 has been used
to construct the full electronic Hamiltonian of the junctio
With suitable parametrization, this formalism, originally d
rived to calculate properties of molecules, has also b
found to reasonably reproduce the characteristic feature
the electronic structure of silicon surfaces.33

In addition to conductance calculations with ESQC, w
also performed band-structure calculations using
EHMACC program from the package of Whangboet al.34 The
Si~100!-~231!-H surface with the DB atomic line was the
represented by a similar slab of seven layers, containing
Si atoms perpendicular to the DB line but only two Si atom
along it with periodic boundary conditions applied in plan
This 432 supercell is nevertheless large enough~i! to sig-
nificantly suppress the defect-defect interaction mention
and ~ii ! to allow a Peierls distortion along the defect atom
line.

The EHMO parameters were the same both in the b
structure and in the ESQC calculations. This parametriza
has been optimized as followed. Starting from stand
EHMO semiempirical parameters for Si, the well-know
band structure of Si bulk was first recovered using
Nishida parametrization,35,36 i.e., modifying the Wolfsberg-
Helmholz parameters for each type of interaction. A sub
quent reparametrization of Si atoms was done so as to re
duce the surface electronic structure local-dens
approximation ~LDA ! calculation37 of the Si~100!-~231!
symmetric and c(432) buckled dimer reconstructions
Compared to the bulk parametrization, only the Si 3p expo-
nent was slightly modified to take into account the diffus
ness of the Si(3p) surface-atom orbitals. With this param
etrization, the Si~100!-~231! surface is found to be metallic
whereas a gap of 0.6 eV opens when the buckledc(432)
structure is imposed, as expected.37,38 With the same param
eters, the Si~100!-~231!-H monohydride surface is found t
be insulating with a gap of about 2 eV. Finally, the ba
structure of the one-dimensional surface states derived f
the dangling bonds along the missing hydrogen atomic li
as calculated by Watanabeet al.,21 was reproduced via a rep

FIG. 1. Model of the metal-atomic wire-metal junction~defect!
used in the ESQC calculation of the conductance of a wire con
ing of 11 dangling bonds on depassivated silicon surface ato
The dark gray spheres represent silicon atoms, while the light g
ones show the gold atoms of the contact pads. Both sides of the
are saturated with hydrogen~white spheres!, except along the defec
line.
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15 912 PRB 59P. DOUMERGUEet al.
arametrization of the depassivated Si atoms on one sid
the dimer row. This systematic reparametrization proced
was required to achieve a good description of the electro
structure of the supported atomic line, a prerequisite fo
viable conductance calculation.

III. PERFECT HYDROGENATED SUBSTRATE

We first consider the band structure and conductanc
junctions with the perfect, fully hydrogenated substrate, i
without the DB wire, between the two pads. Although
dangling bonds are passivated, the Si~100!-~231!-H surface
is terminated by symmetric dimers, each surface silicon a
being bonded to a neighbor and to a single hydrogen ato39

These dimers can be distinguished from those on the c
Si~001! surface by their appearance in STM images a
spectra.40–42 The calculated band structure for the corr
sponding slab is shown on the left panel of Fig. 2. It exhib
a gap of about 2 eV, in agreement with a previo
calculation,43 if we consider that with a tight-binding mode
like ours, the empty surface states are not correctly loca
and are shifted above the bottom of the conduction band.
electronic band structure of the substrate is reflected in
energy dependence of the transmissivity of a finite len
junction ~right panel, Fig. 2! which can in turn be related to
its tunneling spectrum. A transmission coefficient equal
unity is obtained in the range where energy bands and pr
gating Bloch states exist, i.e., within the valence and cond
tion bands in our case. However, within the electronic ba
gap, the transmissivity is significantly reduced~note the log
scale!.

Since the substrate exhibits a relatively wide gap,
junction current-voltage characteristic (I -V) is linear over a
large range of bias voltage~Fig. 3!. In this linear regime,
transport occurs by nonresonant tunneling mainly via
tails of the surface states, broadened by their interact
with the contacting pads. As a consequence of the underl
tunneling phenomenon, the conductance of the junction

FIG. 2. Left panel: Calculated energy band structure of the s
representing the Si~001!-~231!-H substrate along the symmetr
axis of the Brillouin zone corresponding to our 432 computational
cell, following the notation of Watanabeet al. ~Ref. 21!. Right
panel: Calculated decimal logarithm of the transmission coeffic
between two Au film pads separated by 27 Å~six Si dimers! as a
function of energy. The dashed line shows the position of the Fe
energy.
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creases exponentially when the electrode separation is
creased, as can be seen in Fig. 4. The variation of the t
transmission coefficient at the Fermi energy is well describ
by the expression

T~d!5T0e2gd, ~1!

expected to be valid for tunneling in the limitgd!1, and
recently used to fit transmission through different ‘‘molec
lar wires.’’44 Hereg andd, respectively, are the inverse de
cay length and the interpad distance; we findg50.41 Å21,
which is smaller than for tunneling through vacuum (g
52.21 Å21). Using the expression

I

V
5

e2

p\
T~d!, ~2!

which describes the conductance measured between vo
probes far from the contacts, i.e., in equilibrium,45 we find
that for an interpad distance of 5 nm and an applied volt
of 1 mV, the current in the junction is lower than 1024 pA.

b

t

i

FIG. 3. Calculated current-voltage (I -V) characteristic of the
Si~001!-~231!-H substrate between Au film pads separated by 27
~six dimers!.

FIG. 4. Variation of the decimal logarithm of the transmissi
coefficient at the Fermi level as a function of the distance betw
the two pads, in the case of the perfect Si~001!-~231!-H substrate
~triangles!, of the undistorted DB wire~circles!, and of the Peierls-
distorted DB wire~squares!. The solid lines are linear fits. Note tha
there is no significant decrease for the metallic undistorted DB w
although the net transmissivity is much smaller than one.
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PRB 59 15 913CONDUCTANCE OF A FINITE MISSING HYDROGEN . . .
It is instructive to compareg to the values obtained for mo
lecular wires. On the Si~001!-~231!-H surface each fully hy-
drogenated dimer row can be approximately viewed
formed by two chains ofsp3-bonded Si atoms. Conse
quently, each row may be compared to an alkane ch
(CH2)n . On the one hand, the overall 2-eV band gap of
system under consideration is much smaller than that o
alkane chain~8.9 eV!, thus favoring a slower decay~see
Table I!. On the other hand, the Si atoms are further ap
along the dimer row~3.84 Å! compared to equivalent carbo
atoms along the alkane chain~2.51 Å!, so that the reduction
in conductance per structural unit is not so strong.

IV. HYDROGENATED SUBSTRATE
WITH A DEPASSIVATED LINE

We now consider results obtained in the presence of a
line on the Si~100!-~231!-H substrate. One row of hydro
gens is replaced by a row of Si dangling-bond orbitals. R
cent scanning tunneling spectroscopy measurements at
temperature by Hitosugiet al.28 on rather long DB wires
show a finite density of states at the Fermi level~zero volt-
age! if it is sufficiently perfect; this is compatible with me
tallic conduction along such a defect line. Previous LD
band-structure calculations for perfect infinite DB wires p
dicted the metallic behavior,21 the creation of the DB line
being associated with emergence of a quasi-one-dimens
band crossing the Fermi level. In our conductance calc
tions for the finite line, we have used the relaxed structure
the infinite line calculated by Watanabeet al.,21 i.e., we have
neglected a possible influence of the Au pads on the struc
of the wire. Our band-structure calculations confirm the c
ation of DB-derived bands in the middle of the gap of t
Si~100!-~231!-H band structure~Fig. 5, left!. Note that the
Brillouin zone corresponding to the 431 supercell used by
Watanabeet al. is twice as long in the direction parallel t
the line, so that only a single DB-derived band appears
their Fig. 2~a!. In our 432 supercell, this band is folded int
p and p* -like bands which become degenerate along
K422Jy2 edge. The dispersion of these two bands in
direction perpendicular to the DB line (G-Jx4 and K42-Jy2
edges! is very small, confirming the essentially on
dimensional ~1D! character of the DB-derived electron
states localized around the defect line.

The energy dependence of the transmissivity calcula
for a line of six DB’s is shown on the right of Fig. 5. T
reduce computation time, this spectrum was calculated f
junction only two dimers wide. This reduction produced i

TABLE I. EHMO calculated electronic band gapEg and inverse
decay lengthg of the tunneling current for several atomic and m
lecular wires.

Wire type Ref. Eg (eV) g (Å 21)

(Xe)n 13 9 0.74
alkane chain 51 8.9 0.85
Si~001!-~231!-H this work 2 0.41
oligothiophenes 51 1.53 0.33
polyenes 51 1.11 0.19
DB wires this work 0.2 0.09
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significant changes in test computations done at a few po
with the wider junction shown in Fig. 1. Each dangling bo
creates a resonance in the tunneling spectrum of the junc
When the length of the wire is increased by incorporating
additional DB, a new resonance appears inside the subs
band gap and the previous ones are slightly redistribute
energy. Differences among the strengths and widths of re
nances are due to different coupling either with the pads
with the neighboring substrate atoms. A very narrow~broad!
resonance corresponds to an almost decoupled~strongly
coupled! orbital. Furthermore, the conductance of the und
torted DB line does not decrease when its length is increa
but merely oscillates reflecting the shifting positions of tho
resonances with respect to the Fermi level, as seen in Fi
The I -V characteristic of the 6-DB wire is presented in Fi
6. The steps in current arise because sharp resonances
cessively enter the energy interval explored by the bias v
age. Beyond a certain length of the line, the separation
tween adjacent resonances will be lower than the ther
energykT. If kT is still smaller than the bandwidth, there wi
then be enough states in the chain to reproduce the dis
sion of the DB-derived bands. In this limit, theI -V charac-
teristic will become essentially linear. The junction condu
tance will then be limited only by the pad-wire constrictio
since a full ballistic channel will be opened through the lin
As long as the line length is lower than the electronic me
free path in the line, the conductance will not noticeab
decrease with increasing wire length, and will remain giv
by Eq. ~2! with the transmissivityT computed ignoring scat
tering by possible imperfections in the line, as in our ESQ
based calculations.

Recent STM experiments have revealed the appearanc
a new DB wire conformation at low temperature.27 One of
two maxima associated with DB orbitals is alternatively se
in images of empty and occupied states. The authors

FIG. 5. Left panel: Calculated energy band structure of
Si~001!-~231!-H slab with an undistorted DB line along the sym
metry lines defined in Fig 2. Symbols' and i indicate directions
perpendicular and parallel to the DB line, respectively. Right pan
Calculated decimal logarithm of the transmission coefficient a
function of energy for the DB wire between two Au film pad
separated by 27 Å~six dimers!, assuming a two-dimers-wide com
putational cell. The dashed line shows the position of the Fe
energy.
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15 914 PRB 59P. DOUMERGUEet al.
posed a model where dehydrogenated Si atoms along the
are alternatively raised and lowered in a Peierls-l
distortion.29 This is the result of a competition between
lowering of electronic energy by atomic displaceme
which lift the degeneracy between the filledp and emptyp*
states, and the mechanical distortion of the chain. M
theorists have considered 1D models including electr
phonon and electron-electron interactions leading to dim
izations along the chain.46 But here, the situation is some
what different. Without distortion, thep and p* bands are
degenerate alongK42-Jy2 because the associated wave fun
tions have nodes on every second atom along the line. T
two possible states, differing by a shift of one lattice spaci
are energetically equivalent. This degeneracy can be li
without much cost in mechanical energy by the propo
up-down distortion. Such a distortion decreases the energ
DB’s on lowered atoms~more s character! and increases i
on raised atoms~morepz character!. A similar situation oc-
curs in the case ofp-bonded surface atoms on the Si~111!-
~231! surface, except that they form zigzag chains47,48 as
well as for a DB wire on the Si~111!-~131!-H surface.47–49

To include these effects, we have assumed a height di
ence of 0.1 Å between up and down Si atoms along
wire.50

Figure 7 shows the calculated band structure for the i
nite wire as well as the energy dependence of the trans
sivity for a 6-DB wire in a two-dimer-wide junction. The
0.2-eV Peierls gap between the modifiedp and p* states
straddles the Fermi level, and causes a reduced transmi
in that range in the finite wire. As a result, for low-bia
voltage, a tunneling transport regime replaces the prev
ballistic regime. This can be seen in the resultingI -V char-
acteristic of the junction~Fig. 6!. The I -V remains linear at
low voltage, but with a significantly reduced slope. Althou
this indicates a finite density of states near the Fermi le
the lower conductance is characteristic of a tunneling reg
where the states accumulate away from the Fermi level
contribute via their tails to the transmissivity. Accordingl
when the wire length is increased, the conductance
creases. The conductance decreases exponentially wit

FIG. 6. CalculatedI -V characteristics of the supported DB lin
connecting two Au film pads 27 Å apart~six dimers!. The solid
~dashed! curve shows theI -V characteristic of the nondistorte
~Peierls-distorted! DB line. The inset is a zoom around the origin
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inverse decay lengthg in Eq. ~1! of only 0.09 Å21 ~Fig. 4!.
A polyene chain (CH)n is the simplest molecular wire with
an electronic structure similar to that of the DB atomic w
considered here, onepz orbital of each carbon atom partic
pating in the valence or conduction states of the wire. T
corresponding inverse decay length obtained by the s
method is reported for comparison in Table I.51 The gap of
the DB wire is about six times smaller than the gap of t
polyene molecular wire, but its inverse decay length is o
half as small. One might expect to achieve an even be
small g for carefully designed molecular wires with a
equivalent small gap, however.44

It is sometimes assumed that it is only the smallest g
straddling the Fermi level which controls the tunneling cu
rent decay, i.e., that there is a simple proportionality relat
between the gap and the inverse decay lengthg. In the case
of tunneling through the band gap of an insulator or se
conductor, a generalization of the WKB approximation lea
to

g.
A2m* DE

\
, ~3!

where DE is the separation in energy between the Fer
level and the nearest band edge, andm* the corresponding
effective mass in the tunneling direction.52 DE is governed
by the occupation of interface states at contacts with
electrodes and may be proportional to the gap for nea
perfect interfaces.53 On the other hand,m* is proportional to
the gap only if the latter is small compared to the width
the relevant band. Thusg is approximately proportional to
the gap only in that limit. Our more reliable approach tak
into account the atomic structure of the contact pads an
the wire. What we have here is another example where

FIG. 7. Left panel: Calculated energy band structure of
Si~001!-~231!-H slab with a Peierls-distorted DB line along th
symmetry lines, defined in Figs. 2 and 5. Symbols' andi indicate
space directions perpendicular and parallel to the the DB line,
spectively. Right panel: Calculated decimal logarithm of the tra
mission coefficient as a function of energy for a distorted DB w
between two Au film pads separated by 27 Å~six dimers!, assuming
a two-dimer-wide computational cell. The dashed line shows
position of the Fermi energy.
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PRB 59 15 915CONDUCTANCE OF A FINITE MISSING HYDROGEN . . .
simple law ~3! based on the simple WKB approximatio
does not well describe tunneling through atomic and mole
lar wires, especially short ones.51 In general, details in the
superposition of several tunnel channels at the Fermi le
determine the inverse decay length.44

V. CONCLUSION

In conclusion, we have demonstrated that the length
pendence of the conductance of an atomic line on an in
lating substrate can be calculated by the ESQC method
ing into account the 3D electronic structure of the juncti
including the substrate and the contacting pads. Conside
the perfect passivated Si~001!-~231!-H substrate without the
line, we showed that tunneling transport takes place thro
a 2-eV gap with an inverse decay length of 0.41 Å21. The
effects of a missing hydrogen line has been calculated in
different configurations, with or without Peierls distortio
We found that a single-ballistic-channel regime can deve
above a certain temperature or length if the Peierls distor
is suppressed. Otherwise, 1D bands arising from the de
sivated dangling bonds along the line are split about
n
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Fermi level, so that at low temperatures transport occurs
tunneling through the small resulting Peierls gap~0.2 eV!.
The tunneling inverse decay length of such a DB wire
smaller than polyene chains but carefully designed molec
wires are expected to give better results. Additional stud
are required to clarify this issue and also whether differ
systems, in particular wires fabricated by deposing ot
atomic species near the reactive DB line,8,30 could provide
some improvements.
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