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Atomic wire electronics are considered, where the band structure and the resultant Fermi energy are
designed by manipulating the lattice constant. Using the tight-binding theory with universal
parameters, it is shown that Si wires and arrays are metallic, Mg wires are insulating, and Mg arrays
have metallic and insulating phases for infinitely large, isolated cases. Structures are of finite size,
and electrodes are necessary for the applications. The finite size brings about discrete electron
energy levels, and electrodes will charge or discharge the structure, reflecting the work function
difference, so that even the basic electronic properties may be altered. The electrodes will cause
further complications such as the energy level broadening, the Coulomb interaction through an
effective capacitance, or the mode-selection resistance. When the contact satisfies certain
conditions, a metallic wire is predicted to show two distinctI –V patterns for small voltages.
Depending on whether the highest occupied level is either partially or fully filled, the current starts
to flow rapidly or does not flow until the voltage overcomes the next level, respectively. ©1997
American Vacuum Society.@S0734-211X~97!08704-0#
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I. INTRODUCTION

Due to the recent progress in scanning tunnel microsc
~STM! technology,1 it is now becoming possible to manipu
late atoms, or place them at desired positions. It is also
tinely possible to prepare an atomically flat surface poss
ing two-dimensional periodicity. One such example is
reconstructed semiconductor surface. Using the STM a
manipulation technology, foreign atoms can be placed at
minima of the substrate periodic potential to form a on
dimensional atomic wire or a two-dimensional atomic arr
After successful electronic isolation between the atom
structure and the substrate, electrons are confined within
structure and a low-dimensional electron system is obtain
The most attractive feature of this system is that we
manipulate the lattice constant and design the band struc
and the resultant Fermi energy.2

The choice of a substrate providing both two-dimensio
potential and electronic insulation is not trivial and we a
studying the possibility of using a Si(100)231 recon-
structed surface where the dangling bonds are saturated
hydrogen atoms.3,4 Foreign atoms are placed at the minim
of the periodic potential created by substrate surface at
via van der Waals-like interparticle interaction, and
atomic structure such as a wire is created. The mechan
stability of such a wire may be an experimental conce
there might be a tendency for the wire atoms to deform
wire shape spontaneously, e.g., clustering or dimerizat
This issue can be addressed with a phenomenological in
particle potential.5,6 The potential includes the effects of k
netic, Coulomb, and exchange energies, and is feature
general by a hard core barrier for short distances, follow
by a potential well that gives the natural separation of
particles, with an exponentially decaying tail for longer d

a!Electronic mail: yamada@loki.stanford.edu
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tances. In the present case, the separation among const
wire atoms is chosen to be well beyond the natural dista
and close to or inside the tail region, while the constitue
atoms and the substrate atoms keep the natural distance
that the wire will be mechanically stable.

The electronic properties of various atomic structu
with Si or Mg atoms are studied4 with the tight-binding cal-
culation with universal parameters,7 assuming that the struc
tures are successfully isolated from the substrate and ar
finitely large. It is shown that one-dimensional Si wires a
two-dimensional Si arrays are metallic regardless of the
tice constant. One-dimensional wires of Si diatomic m
ecules are also metallic. All of these results reflect the f
that the highest occupied level is 3p and is partially filled in
an isolated Si atom, and the Fermi energy is located in
3p-originating band. It seems quite difficult to obtain a sem
conductor or an insulator with Si atoms having low
dimensional atomic structures. We thus need to use grou
atoms such as Mg or Be atoms for a semiconductor or
insulator, since thes level is fully filled and thep levels are
completely empty in these atoms, and their periodic str
tures will have a fully filled lower band and an empty upp
band. According to the calculation, Mg wires are insulati
or semiconducting, and two-dimensional Mg arrays ha
metallic and insulating phases depending on the lattice c
stant.

Metallic structures with partially filled bands will be con
ductive and insulating structures with completely filled ban
will not be conductive, as long as the response to a sm
electric field is concerned. One may further expect that
metallic wires will exhibit an integer multiple of a quantum
unit of conductance in the linear response regime since th
are at most several one-dimensional modes~discrete mo-
menta in the transverse directions and continuous mom
in the longitudinal direction! involved in the wire transport.
In fact, the present situation is similar to that of mesoscop
10195(4)/1019/8/$10.00 ©1997 American Vacuum Society
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1020 Toshishige Yamada: Atomic wires and their electronic properties 1020
where the conductance quantization in small structures
sessing at most a few modes has been verified theoreti
and experimentally:8 this is independent of the details of th
dispersion~how the discrete energy levels form in the fini
wire limit!.

This naive view is subject to various modification.9 First,
electrodes have to be placed at the ends of the atomic s
tures for electronic measurements and device applicati
Because of the possible work function difference betwe
the wire and the electrodes, there would be a space-ch
layer formation with an atomic scale, and the entire or par
the wire will be charged.9,10 Once the wire is charged, th
Coulomb interaction might be important in the transport,
the effective capacitance at the contact between the wire
the electrodes. Second, the number of atoms used in a w
limited to an order of 101 as long as the structure is create
e.g., by placing foreign atoms one by one with STM ato
manipulation technology. Due to the finite wire length, t
discreteness of the energy levels, or a zero-dimensiona
fect ~discrete momenta in the transverse and longitudinal
rections! in the wire will be relevant.

The physical processes at the contact decide the rela
importance of the Coulomb interaction and the discreten
of the energy levels.9 When the particle exchange betwe
the wire and the electrodes is extremely rare, an effec
capacitance at the contact will be extremely small and
Coulomb interaction will be relevant. The longitudinal qua
tization effects are quite important, but the Coulomb inter
tion significantly modifies the discrete energy levels throu
the effective capacitance and even the spin degeneracy
be lifted. As the particle exchange rate increases, the C
lomb interaction is less and less relevant and the disc
energy levels are more and more broadened. When the
ticle exchange is extremely frequent, the electrons spr
over the entire system and the effective capacitance is
tremely large. The discrete nature of electron energy leve
no longer present, and continuous bands appear.

With intermediate particle exchange, where the capa
tance is large and the discrete nature of the electron leve
still relevant, we can expect two distinguished transport p
terns reflecting how the electrons are accommodated in t
discrete levels. When the highest occupied level of the w
is fully filled, the current does not flow without a voltag
greater than the separation of the highest occupied and
est unoccupied levels. Or, there is an offset voltage for
current onset. When the highest occupied level is parti
filled, the current can flow even with a voltage smaller th
the scale of quantized energy separation, but the differe
conductance will not be infinite, but limited on the order
the quantum unit of conductance, due to the mode-selec
resistance at the contact as in the mesoscopic systems.8 Each
time the Fermi energies in the electrodes cross a new
level, there will be a sudden increase in current, resulting
stairlike I –V characteristics.

In Sec. II, the band properties of the Si and Mg atom
structures are shown, using the tight-binding model with u
versal parameters. In Sec. III, physical processes at the
J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997
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tact between the wire and the electrodes are discussed
Sec. IV, I –V characteristics for metallic wires with two dif
ferent fillings for the highest occupied level are shown,
flecting the momentum quantization along the wire. Su
mary and discussions are given in Sec. V.

II. ATOMIC WIRE ELECTRONICS-ELECTRONIC
PROPERTIES OF Si AND Mg STRUCTURES

As long as the system has periodicity, we can find
following general behavior of the electronic states wh
changing the lattice constant without changing the latt
symmetry.2 This general behavior can apply for all the lattic
symmetry and dimensions.11 When the lattice constant i
large, the electrons are localized in each atom. The ene
levels are in principle discrete and equivalent to those
isolated atoms, e.g., with ans level and threep levels in
addition to the stable core levels that have rare gas confi
rations. As the lattice constant is reduced, the discrete en
levels have a finite width to form a band, because of
overlap of neighboring electron wave functions. At th
stage, there are one lower state and three upper states
each state can accommodate two electrons with spin up
down. If the lattice constant is further reduced, the ba
widths become so wide that one of thep-originating upper
bands and thes-originating lower band touch. This is calle
band crossing. With further reduction in the lattice consta
there would be three possible cases, depending on the la
symmetry and the dimension.~1! The touching upper band
sticks to the lower band and they behave together. The
sulting band structure is such that there are two lower st
and two upper states, separated by a forbidden gap. Du
the change in accommodation number in the lower and up
bands, this will provide a mechanism for a metal-insula
transition. The usual diamond-structure Si crystal is se
conducting since the natural lattice constant happens to
respond to the one after band crossing.~2! The touching
upper and lower bands repel each other to reopen a band
after band crossing. There is no change in the numbe
states in the upper and lower bands, although the band g
modulated with the lattice constant, resulting in no met
insulator transition. This is the case for one-dimensio
atomic wires.~3! The touching upper and lower bands ove
lap after band crossing, and the overlapped region is allow
with each energy region corresponding to momenta in diff
ent directions. Thus, a large unified allowed energy reg
appears. This will also provide a mechanism for a me
insulator transition. This behavior can be seen for tw
dimensional arrays.

By using the tight-binding theory with universa
parameters,7 it is shown that Si wires are metallic and M
wires are insulating regardless of the lattice constant.4 Fig-
ures 1 and 2 show the band structure of Si and Mg wires
three different lattice constants, respectively. In principle,
can see the general behavior of the electronic states co
sponding to~2!. The only band gap reduces as the latti
constant is decreased, and vanishes at 2.7 Å for the Si
and at 4.2 Å for the Mg wire. These lattice constants cor
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1021 Toshishige Yamada: Atomic wires and their electronic properties 1021
spond to band crossing. After this band crossing, a band
reopens in both wires and we again have one state in
lower band and three states in the upper bands. The num
of electrons that can be accommodated in the lower and
per bands remains the same. The major difference betw
Si and Mg is the number of electrons, or the Fermi ene
position. In an isolated Si atom, the highest occupied leve
3p and is one-third filled. Since the number of states in
lower and upper bands remains the same regardless o
lattice constant, the Fermi energy always lies within thep
band originating from two 3p levels normal to the wire and

FIG. 1. Band structure of Si wire for selected lattice constants.

FIG. 2. Band structure of Mg wire for selected lattice constants.
JVST B - Microelectronics and Nanometer Structures
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this makes the Si wire metallic. In an isolated Mg atom, t
highest occupied level is 3s and is fully filled while the 3p
levels are empty. The lower band is always fully filled a
the upper band is always completely empty, regardless of
lattice constant. This is why Mg wires are insulating or sem
conducting.

Figure 3 shows that two-dimensional Si square arrays
metallic regardless of the lattice constantd, for the same
mechanism as Si wires, where the Fermi energy is ag
within the p band. The only band gap disappears atd
53.4 Å after band crossing, corresponding to the gene
behavior of~3! above, but the Fermi energy is always we
above the band gap and its disappearance has no effe
the electronic properties. If we can create a Si diatomic m
ecule so that the highest occupied molecular level is fu
filled, then a Si insulator would be possible by simply pla
ing these Si diatomic molecules along a line. It turns out t
this idea does not really work since the required interatom
distance is unreasonably small, less than the natural Si a
diameter, but it would work for C atoms.4 Thus, it seems
quite difficult to obtain an Si insulator having one- or tw
dimensional lattice structures. Two-dimensional Mg squ
arrays have metallic and insulating phases depending on
lattice constantd, reflecting the disappearance of the ba
gap as shown in Fig. 4. Ford.5.2 Å, the lower band is fully
filled and the upper bands are empty, resulting in an insu
tor. At d55.2 Å, the band crossing occurs and the band g
disappears. Ford,5.2 Å, the array is metallic since the up
per and lower bands overlap and a large unified allow
energy region appears.

There is a pioneering experiment towards atomic w
electronics by Stroscio, Feenstra, and Fein.12 They have ob-

FIG. 3. Band structure of Si array for selected lattice constants.
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1022 Toshishige Yamada: Atomic wires and their electronic properties 1022
served a cleaved Si(111)231 surface with STM. The sur
face is characterized by a one-dimensional zig-zag wire o
atoms with two basis atoms in a unit cell of 6.65
33.84 Å. Practically, we may think that one-dimension
wires consisting of dangling bonds with the lattice const
of 3.84 Å are placed in parallel, and the separation of wi
are so large~6.65 Å! that interwire coupling is negligible. If
the neighboring dangling bonds successfully couple in
wire direction and the electron wave spreads coherently o
the entire wire, upper and lower bands are expected to fo
which are separated by the only band gap. The electron
ing is such that the lower band is fully filled and the upp
band is empty,12,13 so that the Fermi energy lies around t
middle of the band gap and the wire is insulating. The po
tive substrate voltage~shifting the entire substrate band
downward with respect to the tip Fermi energy! is expected
to image the upper empty band and the negative voltage
lower filled band. At each Si position, the electron wa
function has a maximum for the lower band states and h
minimum for the upper band states~the strongest contrast a
the Brillouin zone edge!, thus creatingp-phase shift differ-
ence between the two images of opposite bias polarity.

They have experimentally observed thisp-phase differ-
ence in STM images for positive and negative substrate v
ages. This experiment demonstrates a coherent w
function overlap between neighboring atom sites in the w
direction even with a separation of;4 Å, much wider than
the natural Si atom separation of 2.35 Å in the us
diamond-structure crystal. The overlap is still strong enou
for electrons to form a band structure in spite of this lar
lattice constant. This is encouraging for the present situat
The lattice constant of an atomic structure has to be cho

FIG. 4. Band structure of Mg array for selected lattice constants.
J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997
i

l
t
s

e
er

,
ll-
r

i-

he

a

lt-
e-
e

l
h
e
n.
en

well beyond the atom diameter to achieve a reasonable
chanical stability in order to avoid the possible deformati
such as clustering or dimerization, but this may cause
wanted decoherence. Their experiment shows that the co
ency is quite robust, and the decoherence would not be
case.

If we proceed to use foreign atoms to create an ato
structure, an appropriate substrate providing both perio
potential and electronic insulation has to be found. O
possibility14 is to use a Si reconstructed surface where
surface dangling bonds are saturated with hydrogen atom
form a monohydrogen layer.3,4 The dangling bonds are satu
rated so that the surface is expected to provide a t
dimensional van der Waals potential plane, and wire ato
are placed at the bottom of this potential without creat
chemical bonds with the substrate atoms. The constitu
wire atoms keep distances of well beyond their atom dia
eter, while the wire atoms and substrate atoms have dista
corresponding to the natural separation.

There might be concern about the possible deforma
such as clustering or dimerization after aligning wire ato
along a line, and this problem could be addressed with
help of a phenomenological interparticle potential.5,6 The po-
tential includes the effects of kinetic, Coulomb, and e
change energies and is featured by a hard core barrier
small distances, and a shallow potential well outside the b
rier that gives the natural distances, followed by an expon
tially decaying, slowly varying potential tail for large dis
tances. The detail of the functional form depends on the k
of atoms. In the case of Si–Si interparticle-interaction, it
shown6 that the potential minimum is at;2 – 2.5 Å ~the
natural diameter of the Si atom! with the depth of;2 eV,
followed by an exponentially decaying tail for the distanc
larger than;3 – 3.5 Å with a negligible depth. The cluste
ing of a Si wire will be relevant when the lattice constant
small, roughly corresponding to 2–2.5 Å. For the lattice co
stant to be larger than or equal to 3–3.5 Å, the deformat
will be unlikely. The wire atoms are held by substrate ato
with the natural distance, while the wire atoms themsel
keep distances well beyond the natural distance, so tha
confining potential energy is much larger than a possi
gain energy with deformation. No bands are half-filled in
or Mg wires, and thus the Peierls transition15 is not expected.
The Peierls transition could be relevant if we were interes
in wires that are half-filled, such as an alkali metal wire, b
not here.

III. PHYSICAL PROCESSES BETWEEN WIRE AND
ELECTRODES

For future atomic wire electronics, it is essential that tec
nology be established to make a contact to electrodes
will be connected to batteries or to other atomic scale
vices, and we need to clarify the physical processes of
contact at this stage. There will be particle exchange betw
the wire and the electrodes after contact, and if this occ
the charge neutrality within the wire is not guaranteed, ev
in thermal equilibrium.~1! If the particle exchange throug
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1023 Toshishige Yamada: Atomic wires and their electronic properties 1023
the contact is extremely rare so that the electrons loca
well inside the wire, the effective capacitance at the con
will be quite small and even the spin degeneracy will
lifted. The energy levels~renormalized to include the Cou
lomb interaction! are discrete, and the expectation value
the number of electrons in the wire is an integer.~2! If the
contact allows some particle exchange, the electrons will
be strongly localized in the wire and the effective capa
tance for this situation may be large. The spin degenerac
not lifted, but the discrete nature of the allowed levels s
prevails. The expectation value for the number of electron
not necessarily an integer.~3! If the contact allows extremely
frequent particle exchange, the electrons will spread over
entire system consisting of the electrodes and the wire,
the associated effective capacitance is huge, but the ele
energy levels are no longer discrete. The particle excha
rate is determined by the physical processes around the
tact, and is influenced by the separation between the ato
wire and the electrodes~barrier width!, and the work func-
tion difference at the contact~barrier height!. They can be
independently tuned experimentally. As in macrosco
p-n junctions, it is expected that there are microsco
space-charge layers to absorb the work function differe
between the wire and the electrodes.10,11 The widths are es-
timated to be on the order of several atomic layer
(;1 nm) for the energy difference of;100 eV according to
a formula w;(2eV/eNe)

1/2 with Ne
1/3;109 m21 and e/e0

;101.
We need to think of the finite-length effects of a wire. T

band widthW of the wire is determined by the lattice con
stant d and is a decreasing function ofd until the bands
cross.4,7 W does not depend very much on the number
atomsN as long asN@1, and the average level separation
given byW/N.11 These energy levels in principle correspo
to the modes whose envelope functions are standing w
within the wire, and are well approximated with this pictur
The highest and lowest states correspond to infrared and
traviolet cutoff states in the wire structure, respective
Typical W(d) values are such that a Si metallic wire has
W55 eV for d54 Å, and a Mg semiconducting wire has
W51.5 ~valence! and 2.7 eV~conduction! for d55 Å,4 so
that the level separation is on the order of 1021 eV for N
;101. If fully filled, the Fermi energy,z, lies in the middle
of the highest-occupied and lowest-unoccupied levels. If p
tially filled, z lies at the highest occupied level. The electr
filling can be changed by tuning the wire length and desi
ing electrodes as shown below.

Figure 5~a! schematically shows the energy band alig
ment in equilibrium before contact, assuming that the el
trode work functionxe is greater than the wire work functio
xw . Energy lines for the opposite situation can be obtain
with a vertical flip of the energy figures.ze and zw are the
Fermi energies of the electrodes and the wire measured
the band bottom or the lowest level, respectively~both ex-
cluding the core levels!. fe andfw are electrostatic energie
for the electrodes and the wire, respectively. As is differ
from the usual macroscopicp-n junctions, the electrostatic
JVST B - Microelectronics and Nanometer Structures
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energy depends logarithmically on the distance from the c
ter axis of the wire, and the energy lines should be und
stood as results of the appropriate averaging weighted w
relevant electron wave functions.

After contact, electrons will spill out from the wire to th
electrodes due to the work function differencexe.xw . Fig-
ures 5~b! and 5~c! indicate the equilibrium energy alignmen
for short and long wires, respectively. The thick lines are
summation of the electrostatic energyf and the Fermi en-
ergy z, and the thin lines are vacuum levels. The elect
chemical potentialm,16 with a broken line, equalsfe1ze

deep inside the electrodes. Discrete energy levels~not
shown! will be formed under the influence off, as in the
case of an inversion channel with a triangular potential i
macroscopic heterojunction. Iff1z2m is positive, that
point is positively charged, and if negative, negative
charged. The discontinuity in electrostatic energy (fw

1zw)2(fe1ze) at the contact equals the work function di
ferencexe2xw .10,16 If the wire is so short that the spac
charge layers at both ends touch as shown in Fig. 5~b!, the
charge neutrality is broken over the entire wire, and the e
tron filling for the discrete energy levels is no longer equiv
lent to that for an isolated wire. If the wire is long or th
discontinuity inf1z is small so that the space-charge laye
never touch, the charge neutrality holds withfw1zw5m in
the middle as in Fig. 5~c!. The electron filling in the middle
is the same as that in an isolated wire, and this limit provid
a situation of interacting Fermions described by t
Tomonaga–Luttinger model.17

It has to be emphasized that there is certainly a case

FIG. 5. Physical processes at contact between wire and electrodes:~a! En-
ergy alignment before contact;~b! contact to short atomic wire;~c! contact
to long atomic wire.
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1024 Toshishige Yamada: Atomic wires and their electronic properties 1024
the electron filling in the wire with electrodes is complete
different from that of the wire without electrodes as in F
5~b!. In an extreme situation, the electronic nature of the w
would be altered drastically, such that a metallic wire wi
out electrodes will be insulating with electrodes or vi
versa. In order to observe that a Si wire is metallic and a
wire is insulating, we need to make the wires long enou
much longer than the space charge layer width, or design
electrodes so that the work function difference will be mi
mized as in Fig. 5~c!. The longer wires have their electron
identity while the shorter wires do not, and it is worth noti
ing this trivial, but important point.

IV. EXPECTED I – V CHARACTERISTICS WITH
INTERMEDIATE PARTICLE EXCHANGE

With intermediate particle exchange, withxe;xw , we
expect that the associated effective capacitance is large
the discreteness of energy levels is still relevant. Then, th
will be two distinct patterns for metallic wire transport: th
electrons are less likely to flow for a fully filled case an
more likely for a partially filled case, where the maximu
differential conductance is limited by the mode-select
process at the contact. The expectedI –V patterns are sche
matically shown in Figs. 6~a! and 6~b! for fully and partially
filled cases, respectively. For the fully filled case, the curr
will flow only when the applied voltage overcomes the se
ration of the discrete energy levels as in portion A, while
the partially filled case, the current will flow with an infin
tesimal voltage as in portion C. The typical energy sepa
tion is on the order of 1021 eV for an atomic wire with
101 atoms with a separation of 100 Å, and this gives a rough
scale for the expected offset voltages. When a finite volt
is applied, the electrode Fermi energies in the source
drain split to support it. Every time the electrode Fermi e
ergies cross a new wire level, it creates a sudden increa
current by forming steps in theI –V characteristics as show
in portions B and D. The current onsets have a finite grad
due to the mode-selection process at the contact. As is o
pointed out in mesoscopia, such mode selection at the
tact causes a finite conductance even though the transmi
coefficient is unity, and we will observe the quantum unit
conductance~or its integer multiple!.8 With this inherent ef-
fect, the differential conductance of the current onset can
be infinite experimentally, but limited to be on the order
the quantum unit of conductance.

FIG. 6. ExpectedI –V characteristics with intermediate particle exchange
contact:~a! fully filled and ~b! partially filled cases.
J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997
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The current value at a step is determined by either
electron group velocity corresponding to the mode of inter
or the transmission coefficient.18,19 Since one mode~a zero-
dimensional mode where the momentum along the wire
also quantized! creates one discretized current independ
of the voltage in the lowest order approximation, we w
have stairlikeI –V patterns. This stairlike shape is a gene
feature of the expectedI –V characteristics and is indepen
dent of the details of the calculation model.

In the infinite wire limit, we can mathematically show th
the quantum unit of conductance will be recovered, rega
less of the boundary condition, which is a restatement of
usual cancellation of the electron state density and the e
tron group velocity.8 It has to be emphasized that this res
is independent of the details of the dispersion or how
discrete energy levels have been formed in the original fin
wire, and applies to quite general cases with a few modes
is established in mesoscopia.8 The current is proportionate to
the voltage in this limit simply because the number of mod
participating in the transport is proportionate to the appl
voltage, due to the continuous distribution of modes in
relevant energy region. This prediction is at least not con
dictory to the experimental findings of the quantization
conductance in various metallic wire structures with atom
dimensions,20 but not yet exactly verified experimentally. I
fact, each studied geometry is not quite the one-dimensio
atomic wires discussed here. Second, we cannot comple
exclude the possibility that they have observed, e.g., bimo
transmission in the diffusive regime.

V. SUMMARY AND DISCUSSIONS

Various atomic structures with Si and Mg atoms are st
ied theoretically, and it is shown that Si wires and arrays
metallic, Mg wires are insulating, and Mg arrays have m
tallic and insulating phases. The calculation neglects the
fects from the substrate, but they will not change the ab
results qualitatively.4 The electronic properties of wires can
not be discussed without specifying the electrodes, espec
when the wire is short, because of the physical processe
the contact. The particle exchange rate at the contact de
mines the relative importance of the Coulomb interact
and the level broadening effect. With intermediate parti
exchange along withxe;xc , depending on whether th
highest occupied level is fully filled or partially filled, ther
would be differences in theI –V characteristics for metallic
wire transport. An offset voltage is required for a curre
onset for the former, while an immediate current onset
expected for the latter, with a finite differential conductan
on the order of the quantum unit of conductance. Each t
the Fermi energies in the electrodes cross a new wire le
with voltage, a step in theI –V characteristics results.

Lang has already discussed a special situation on h
space charge layers form in Ref. 21 with a first-princip
calculation. He studied the electronic properties of an ada
on a metallic surface, and assumed that the Fermi energ
the adatom aligned to that of the metallic surface. The a
tom was either filled or depleted with electrons, depend

t
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on the difference of the original work functions before co
tact. The discussion here is consistent with this if the ada
is regarded as the shortest wire in Fig. 5~b!.

Lang studied the transport of an atomic wire with the fi
principle method in Ref. 22, where Al atomic wires with on
or three atoms showed a larger conductance than that
two atoms. He assumed that the coupling of the wire ato
to the electrodes was so strong that the wire state dens
were no longer discrete as in an isolated system, but h
significant width and overlap, showing some peaks on
This corresponds to a situation between the intermediate
extremely frequent particle exchange discussed above. E
in this case, there was a noticeable difference in trans
properties between a two-atom wire, and one- and th
atom wires, and the current article is consistent with his
sult. In fact, if the Al wire is isolated, the parallelp state
along the Al wire is modified more than the perpendicu
p states because theVpps coupling is stronger than th
Vppp coupling as discussed in Ref. 7. The highest occup
molecular level therefore originates from this parallelp state
and is not degenerate, so that the highest occupied lev
partially filled in one- and three-atom wires while it is full
filled in a two-atom wire. The former wires must have
better transport than the latter according to the view he
and his results showed it.

It is pointed out that there would be a Fermi energy p
ning mechanism at the surface due to the surface states16 for
a macroscopic junction, and the discontinuity in the elect
static potential was not always a difference of two wo
functions. Such surface states do arise at the contact e
but only when the lattice constant is so short such that
band crossing occurs, resulting in the Shockley’s surf
states.11,23 We need to avoid such short lattice constants
order to achieve mechanical wire stability, and both requ
ments are consistent. Alternatively, the surface contam
tion or the existence of foreign atoms on the surface wo
bring about these surface states, but they are unlikely und
ultrahigh vacuum STM environment, and the Fermi ene
pinning through this route will not practically occur, eithe

For electronics applications, there are some possible
rections. One is to design devices making use of the C
lomb blockade effects with extremely small capacitances
can easily be obtained in the current atomic dimensions.
other is to create various junctions of different wires, whe
the Coulomb interaction will be suppressed by selectin
large-capacitance contact. This will lead to atomic wire el
tronics, to design materials with desired electronic proper
by changing the atom arrangement, and employ the s
device ideas in current semiconductor technology. For
ample, a Si wire is metallic and a Mg wire is insulatin
Then, is the series junction of these two wires equivalent
macroscopic metal-semiconductor junction showing rect
ing characteristics? Does the junction structure of a meta
two-dimensional Mg array and a semiconducting Mg w
work as a metal-semiconductor junction? How can we d
an intrinsic semiconducting Mg wire, and how can we ma
JVST B - Microelectronics and Nanometer Structures
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a p-n junction? Any possibility for the creation of light
emitting diodes? These points are left for future studies.
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