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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 distimetV 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, respective\1.9%F
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I. INTRODUCTION tances. In the present case, the separation among constituent
wire atoms is chosen to be well beyond the natural distance
Due to the recent progress in scanning tunnel microscopgnd close to or inside the tail region, while the constituent
(STM) technology: it is now becoming possible to manipu- atoms and the substrate atoms keep the natural distances, so
late atoms, or place them at desired positions. It is also rouhat the wire will be mechanically stable.
tinely possible to prepare an atomically flat surface possess- The electronic properties of various atomic structures
ing two-dimensional periodicity. One such example is awith Si or Mg atoms are studiédvith the tight-binding cal-
reconstructed semiconductor surface. Using the STM atorgulation with universal parametefsissuming that the struc-
manipulation technology, foreign atoms can be placed at theures are successfully isolated from the substrate and are in-
minima of the substrate periodic potential to form a one-finitely large. It is shown that one-dimensional Si wires and
dimensional atomic wire or a two-dimensional atomic array.two-dimensional Si arrays are metallic regardless of the lat-
After successful electronic isolation between the atomigice constant. One-dimensional wires of Si diatomic mol-
structure and the substrate, electrons are confined within thecules are also metallic. All of these results reflect the fact
structure and a low-dimensional electron system is obtainedhat the highest occupied level ip3nd is partially filled in
The most attractive feature of this system is that we caran isolated Si atom, and the Fermi energy is located in the
manipulate the lattice constant and design the band structuBp-originating band. It seems quite difficult to obtain a semi-
and the resultant Fermi energy. conductor or an insulator with Si atoms having low-
The choice of a substrate providing both two-dimensionadimensional atomic structures. We thus need to use group Il
potential and electronic insulation is not trivial and we areatoms such as Mg or Be atoms for a semiconductor or an
studying the possibility of using a Si(100¥2L recon- insulator, since tha level is fully filled and thep levels are
structed surface where the dangling bonds are saturated witompletely empty in these atoms, and their periodic struc-
hydrogen atom3# Foreign atoms are placed at the minimatures will have a fully filled lower band and an empty upper
of the periodic potential created by substrate surface atomsand. According to the calculation, Mg wires are insulating
via van der Waals-like interparticle interaction, and anor semiconducting, and two-dimensional Mg arrays have
atomic structure such as a wire is created. The mechanicahetallic and insulating phases depending on the lattice con-
stability of such a wire may be an experimental concernstant.
there might be a tendency for the wire atoms to deform the Metallic structures with partially filled bands will be con-
wire shape spontaneously, e.g., clustering or dimerizatiorductive and insulating structures with completely filled bands
This issue can be addressed with a phenomenological intewill not be conductive, as long as the response to a small
particle potentiaf:® The potential includes the effects of ki- electric field is concerned. One may further expect that the
netic, Coulomb, and exchange energies, and is featured imetallic wires will exhibit an integer multiple of a quantum
general by a hard core barrier for short distances, followedinit of conductance in the linear response regime since there
by a potential well that gives the natural separation of theare at most several one-dimensional modeiscrete mo-
particles, with an exponentially decaying tail for longer dis- menta in the transverse directions and continuous momenta
in the longitudinal directioninvolved in the wire transport.
dElectronic mail: yamada@Ioki.stanford.edu In fact, the present situation is similar to that of mesoscopia,
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where the conductance quantization in small structures posact between the wire and the electrodes are discussed. In
sessing at most a few modes has been verified theoreticallyec. IV, -V characteristics for metallic wires with two dif-
and experimentall{:this is independent of the details of the ferent fillings for the highest occupied level are shown, re-
dispersion(how the discrete energy levels form in the finite flecting the momentum quantization along the wire. Sum-
wire limit). mary and discussions are given in Sec. V.

This naive view is subject to various modificatidfirst,

electrodes have to be placed at the ends of the atomic StrUG- ATOMIC WIRE ELECTRONICS-ELECTRONIC
tures for electronic measurements and device application§,'ROF,ER-I-IES OF Si AND Mg STRUCTURES
Because of the possible work function difference between

the wire and the electrodes, there would be a space—charg?e As long as the system has periodicity, we can find the
layer formation with an atomic scale, and the entire or part ofollowing general behavior of the electronic states when
the wire will be charged® Once the wire is charged, the changing the lattice constant without changing the lattice
Coulomb interaction might be important in the transport, viaSYmmetry” This general behavior can apply for all the lattice
the effective capacitance at the contact between the wire arymmetry and d|menS|orJr§.Vyhen the lattice constant is
the electrodes. Second, the number of atoms used in a wire {&r9€. the electrons are localized in each atom. The energy
limited to an order of 1bas long as the structure is created, |€VelS are in principle discrete and equivalent to those of

e.g., by placing foreign atoms one by one with STM atomlsola}t.ed atoms, e.g., with a® level and threep levels in '
manipulation technology. Due to the finite wire length, theaddltlon to the stable core levels that have rare gas configu-

discreteness of the energy levels, or a zero-dimensional cfations. As the lattice constant is reduced, the discrete energy

fect (discrete momenta in the transverse and longitudinal di[evels have a finite width to form a band, because of an

rections in the wire will be relevant. overlap of neighboring electron wave functions. At this

The physical processes at the contact decide the relati\%;cghe'sttgteeriaar:eaggoen:(r)nvg)?j;tsetatteoaglicttr;gii upt;i]e; ;tr]ates,a?]r&d
importance of the Coulomb interaction and the discretenes W With Spin up

of the energy level3.When the particle exchange between own. If the lattice ponstant is further rgducgd, the band
. . . widths become so wide that one of tpeoriginating upper
the wire and the electrodes is extremely rare, an effectiv

capacitance at the contact will be extremely small and th%ands and the-originating lower band touch. This is called
P ) . . Y S Hand crossing. With further reduction in the lattice constant,
Coulomb interaction will be relevant. The longitudinal quan- . : .
there would be three possible cases, depending on the lattice

tization effects are quite important, but the Coulomb 'nterac'symmetry and the dimensiofil) The touching upper band

:'r?n sflfgnl':"lcantly mq;jlﬁes the ddlscret;ahenergyollevels through Iticks to the lower band and they behave together. The re-
€ efieclive capacitance and even the spin degeneracy w ulting band structure is such that there are two lower states

be lifted. As the particle exchange rate increases, the COLgnd two upper states, separated by a forbidden gap. Due to
lomb interaction is less and less relevant and the discretﬁ\,]e change in accommodation number in the lower and upper
energy levels are more and more broadened. When the pgfz g this will provide a mechanism for a metal-insulator
ticle exchange is extremely frequent, the electrons spreaglysition, The usual diamond-structure Si crystal is semi-
over the entire system and the effective capacitance is e¥,nqycting since the natural lattice constant happens to cor-
tremely large. The discrete nature of electron energy level iSespond to the one after band crossiig). The touching
no longer present, and continuous bands appear. .upper and lower bands repel each other to reopen a band gap
With intermediate particle exchange, where the capaciytier hand crossing. There is no change in the number of
tance is large and the discrete nature of the electron levels i§ates in the upper and lower bands, although the band gap is
still relevant, we can expect two distinguished transport patmgdulated with the lattice constant, resulting in no metal-
terns reflecting how the electrons are accommodated in theggsylator transition. This is the case for one-dimensional
Qiscrete .Ievels. When the highest occupieq level of the wirgytomic wires.(3) The touching upper and lower bands over-
is fully filled, the current does not flow without a voltage |ap after band crossing, and the overlapped region is allowed,
greater than the separation of the highest occupied and lowgith each energy region corresponding to momenta in differ-
est unoccupied levels. Or, there is an offset voltage for thent directions. Thus, a large unified allowed energy region

current onset. When the highest occupied level is partiallyappears. This will also provide a mechanism for a metal-
filled, the current can flow even with a voltage smaller thaninsulator transition. This behavior can be seen for two-

the scale of quantized energy separation, but the differentialimensional arrays.

conductance will not be infinite, but limited on the order of By wusing the tight-binding theory with universal

the quantum unit of conductance, due to the mode-selectioparameters, it is shown that Si wires are metallic and Mg

resistance at the contact as in the mesoscopic sy$temsh  wires are insulating regardless of the lattice constafit-

time the Fermi energies in the electrodes cross a new wir@res 1 and 2 show the band structure of Si and Mg wires for

level, there will be a sudden increase in current, resulting irthree different lattice constants, respectively. In principle, we

stairlike | -V characteristics. can see the general behavior of the electronic states corre-
In Sec. Il, the band properties of the Si and Mg atomicsponding to(2). The only band gap reduces as the lattice

structures are shown, using the tight-binding model with uni-constant is decreased, and vanishes at 2.7 A for the Si wire

versal parameters. In Sec. lll, physical processes at the coand at 4.2 A for the Mg wire. These lattice constants corre-
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spond to band crossing. After this band crossing, a band gap Fie. 3. Band structure of Si array for selected lattice constants.
reopens in both wires and we again have one state in the

lower band and three states in the upper bands. The number

of electrons that can be accommodated in the lower and Uphjs makes the Si wire metallic. In an isolated Mg atom, the

per bands remains the same. The major difference betwegfighest occupied level iss3and is fully filled while the $
Si and Mg is the number of electrons, or the Fermi energyevels are empty. The lower band is always fully filled and
pOSitiOﬂ. In an isolated Si atom, the highest OCCUpiEd level |$he upper band is a|WayS Comp|ete|y empty, regard|ess of the
3p and is one-third filled. Since the number of states in theattice constant. This is why Mg wires are insulating or semi-
lower and upper bands remains the same regardless of th@nducting.
lattice constant, the Fermi energy always lies within the Figure 3 shows that two-dimensional Si square arrays are
band originating from two B levels normal to the wire and metallic regardless of the lattice constaht for the same
mechanism as Si wires, where the Fermi energy is again
within the 7 band. The only band gap disappears dat
Mg 1D chain Mg 1D chain =3.4A after band crossing, corre;ponding.to the general
d=45A 1 d=64& | behavior of(3) above, but the Fermi energy is always well
i ] above the band gap and its disappearance has no effect on
the electronic properties. If we can create a Si diatomic mol-
ecule so that the highest occupied molecular level is fully
filled, then a Si insulator would be possible by simply plac-
ing these Si diatomic molecules along a line. It turns out that
this idea does not really work since the required interatomic
distance is unreasonably small, less than the natural Si atom
diameter, but it would work for C atonfsThus, it seems
quite difficult to obtain an Si insulator having one- or two-
dimensional lattice structures. Two-dimensional Mg square
arrays have metallic and insulating phases depending on the
lattice constant, reflecting the disappearance of the band
gap as shown in Fig. 4. For>5.2 A, the lower band is fully
filled and the upper bands are empty, resulting in an insula-
tor. Atd=5.2 A, the band crossing occurs and the band gap
disappears. Fal<5.2 A, the array is metallic since the up-
per and lower bands overlap and a large unified allowed
r XT Xr X energy region appears.
There is a pioneering experiment towards atomic wire
Fic. 2. Band structure of Mg wire for selected lattice constants. electronics by Stroscio, Feenstra, and Fléim'hey have ob-
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Mg Mg well beyond the atom diameter to achieve a reasonable me-
‘iD s *iD ) 1 chanical stability in order to avoid the possible deformation

such as clustering or dimerization, but this may cause un-
wanted decoherence. Their experiment shows that the coher-
ency is quite robust, and the decoherence would not be the
case.

If we proceed to use foreign atoms to create an atomic
structure, an appropriate substrate providing both periodic
potential and electronic insulation has to be found. One

3 rUM¢ possibility** is to use a Si reconstructed surface where the

& 1 surface dangling bonds are saturated with hydrogen atoms to
2 - A form a monohydrogen layér* The dangling bonds are satu-

/ rated so that the surface is expected to provide a two-

/ 1 dimensional van der Waals potential plane, and wire atoms

are placed at the bottom of this potential without creating
chemical bonds with the substrate atoms. The constituent
wire atoms keep distances of well beyond their atom diam-
1 1 ] eter, while the wire atoms and substrate atoms have distances
= -+ - corresponding to the natural separation.

There might be concern about the possible deformation
such as clustering or dimerization after aligning wire atoms
along a line, and this problem could be addressed with the
help of a phenomenological interparticle potentilThe po-
tential includes the effects of kinetic, Coulomb, and ex-
change energies and is featured by a hard core barrier for
small distances, and a shallow potential well outside the bar-
served a cleaved Si(111}21 surface with STM. The sur- rier that gives the natural distances, followed by an exponen-
face is characterized by a one-dimensional zig-zag wire of Siially decaying, slowly varying potential tail for large dis-
atoms with two basis atoms in a unit cell of 6.65 A tances. The detail of the functional form depends on the kind
%3.84 A. Practically, we may think that one-dimensional of atoms. In the case of Si—Si interparticle-interaction, it is
wires consisting of dangling bonds with the lattice constanishowrf that the potential minimum is at2-2.5 A (the
of 3.84 A are placed in parallel, and the separation of wiresiatural diameter of the Si atgmwith the depth of~2 eV,
are so largg6.65 A) that interwire coupling is negligible. If followed by an exponentially decaying tail for the distances
the neighboring dangling bonds successfully couple in théarger than~3-3.5 A with a negligible depth. The cluster-
wire direction and the electron wave spreads coherently oveing of a Si wire will be relevant when the lattice constant is
the entire wire, upper and lower bands are expected to formsmall, roughly corresponding to 2—2.5 A. For the lattice con-
which are separated by the only band gap. The electron fillstant to be larger than or equal to 3—-3.5 A, the deformation
ing is such that the lower band is fully filled and the upperwill be unlikely. The wire atoms are held by substrate atoms
band is empty?*3 so that the Fermi energy lies around the with the natural distance, while the wire atoms themselves
middle of the band gap and the wire is insulating. The posikeep distances well beyond the natural distance, so that the
tive substrate voltagéshifting the entire substrate bands confining potential energy is much larger than a possible
downward with respect to the tip Fermi eneygy expected gain energy with deformation. No bands are half-filled in Si
to image the upper empty band and the negative voltage ther Mg wires, and thus the Peierls transitiois not expected.
lower filled band. At each Si position, the electron waveThe Peierls transition could be relevant if we were interested
function has a maximum for the lower band states and has ia wires that are half-filled, such as an alkali metal wire, but
minimum for the upper band stat@be strongest contrast at not here.
the Brillouin zone edge thus creatingr-phase shift differ-
ence between the two images of opposite bias polarity.

They have experimentally observed thisphase differ- lll. PHYSICAL PROCESSES BETWEEN WIRE AND
ence in STM images for positive and negative substrate voIt—ELECTRODES
ages. This experiment demonstrates a coherent wave- For future atomic wire electronics, it is essential that tech-
function overlap between neighboring atom sites in the wirenology be established to make a contact to electrodes that
direction even with a separation ef4 A, much wider than  will be connected to batteries or to other atomic scale de-
the natural Si atom separation of 2.35 A in the usualvices, and we need to clarify the physical processes of the
diamond-structure crystal. The overlap is still strong enougttontact at this stage. There will be particle exchange between
for electrons to form a band structure in spite of this largethe wire and the electrodes after contact, and if this occurs,
lattice constant. This is encouraging for the present situatiorthe charge neutrality within the wire is not guaranteed, even
The lattice constant of an atomic structure has to be chosen thermal equilibrium.(1) If the particle exchange through

M T X M r x ™M r X M

Fic. 4. Band structure of Mg array for selected lattice constants.
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the contact is extremely rare so that the electrons localiz (a)
well inside the wire, the effective capacitance at the contac

. . . . Vac level
will be quite small and even the spin degeneracy will be o eve

lifted. The energy level¢renormalized to include the Cou- x ' Xy
lomb interaction are discrete, and the expectation value for ¢ ¢

the number of electrons in the wire is an intege®. If the W
contact allows some patrticle exchange, the electrons will nc o, S Oy

be strongly localized in the wire and the effective capaci-
tance for this situation may be large. The spin degeneracy i
not lifted, but the discrete nature of the allowed levels still
prevails. The expectation value for the number of electrons i
not necessarily an integdB) If the contact allows extremely

frequent particle exchange, the electrons will spread over th
entire system consisting of the electrodes and the wire, an
the associated effective capacitance is huge, but the electr positively

energy levels are no longer discrete. The particle exchang charged

rate is determined by the physical processes around the co (c)

tact, and is influenced by the separation between the atom — Vacuum level
wire and the electrode@arrier width, and the work func- » b+

tion difference at the contagbarrier height They can be v € - W
independently tuned experimentally. As in macroscopic _fo 4};-;

p-n junctions, it is expected that there are microscopic ——— 4 neutral A 9.+

space-charge layers to absorb the work function difference

between the wire and the electrod®s! The widths are es- F¢: 5 Physical processes at contact between wire and electr@ldsn-
ergy alignment before contadty) contact to short atomic wirdr) contact

timated to be on the order of several atomic layers g ong atomic wire.
(~1 nm) for the energy difference of 10° eV according to
a formulaw~ (2eV/eNg)¥? with NY3~10° m™* and /¢,

~10.

We need to think of the finite-length effects of a wire. The energy depends logarithmically on the distance from the cen-

ter axis of the wire, and the energy lines should be under-

band (;N'dtzw of tze wIre 1S d?termme(:ifby tf_]le rl]attlge c(:jon— stood as results of the appropriate averaging weighted with
stantd and is a decreasing function of until the bands . oyant electron wave functions.

cross™’ W does not depend very much on the number of = g contact, electrons will spill out from the wire to the
aFomsN as Ionl% afN>1, and the aver_age .Iev.el separation ISglectrodes due to the work function differenge> x., . Fig-
given byW/N.™ These energy levels in principle correspond o5 gh) and 5c) indicate the equilibrium energy alignment
to the modes whose envelope functions are standing wWavgsy short and long wires, respectively. The thick lines are the
within the wire, and are well approximated with this picture. ¢, nmation of the electrostatic energyand the Fermi en-
The highest and lowest states correspond to infrared and ué'rgy ¢, and the thin lines are vacuum levels. The electro-
traviolet cutoff states in the wire structure, respectively.chemical potentialy,*® with a broken line, equalghe+ e
Typical W(d) values are such that a Si metallic wire has ageep inside the electrodes. Discrete energy levelst
W=5eV ford=4A, and a Mg semiconducting wire has a shown will be formed under the influence af, as in the
W=1.5 (valencg and 2.7 eV(conduction for d=5A,* S0 case of an inversion channel with a triangular potential in a
that the level separation is on the order of @V for N macroscopic heterojunction. W+ —u is positive, that
~10". If fully filled, the Fermi energy{, lies in the middle point is positively charged, and if negative, negatively
of the highest-occupied and lowest-unoccupied levels. If parcharged. The discontinuity in electrostatic energg,,(
tially filled, ¢ lies at the highest occupied level. The electron + Lw) — (et £o) at the contact equals the work function dif-
filling can be changed by tuning the wire length and designference y,— x,, . 1% If the wire is so short that the space
ing electrodes as shown below. charge layers at both ends touch as shown in Fig), 3he
Figure §a) schematically shows the energy band align-charge neutrality is broken over the entire wire, and the elec-
ment in equilibrium before contact, assuming that the electron filling for the discrete energy levels is no longer equiva-
trode work functiony, is greater than the wire work function |ent to that for an isolated wire. If the wire is long or the
Xw- Energy lines for the opposite situation can be obtainedliscontinuity ing+ ¢ is small so that the space-charge layers
with a vertical flip of the energy figureg, and {,, are the  never touch, the charge neutrality holds with+ £,,= w in
Fermi energies of the electrodes and the wire measured fromhe middle as in Fig. &). The electron filling in the middle
the band bottom or the lowest level, respectivéipth ex- is the same as that in an isolated wire, and this limit provides
cluding the core leve)s ¢, and ¢, are electrostatic energies a situation of interacting Fermions described by the
for the electrodes and the wire, respectively. As is differenfTomonaga—Luttinger modéf.
from the usual macroscopie-n junctions, the electrostatic It has to be emphasized that there is certainly a case that
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(a) . (b) . The current value at a step is determined by either the
electron group velocity corresponding to the mode of interest

D o - :
/_f/_ or the transmission coefficieft'° Since one modéa zero-
A

/e dimensional mode where the momentum along the wire is
_/J v v also quantizedcreates one discretized current independent

of the voltage in the lowest order approximation, we will
have stairlikel =V patterns. This stairlike shape is a general
feature of the expected-V characteristics and is indepen-
dent of the details of the calculation model.

Fic. 6. Expected —V characteristics with intermediate particle exchange at  In the infinite wire limit, we can mathematically show that
contact:(a) fully filled and (b) partially filled cases. the quantum unit of conductance will be recovered, regard-
less of the boundary condition, which is a restatement of the

usual cancellation of the electron state density and the elec-

the electron filling in the wire W'Fh electrodes is complete_zly tron group velocity’ It has to be emphasized that this result
different from that of the wire without electrodes as in Fig.. . : . .
is independent of the details of the dispersion or how the

5(b). In an extreme situation, the electronic nature of the Wirediscrete enerav levels have been formed in the original finite
would be altered drastically, such that a metallic wire with- 9y 9

out electrodes will be insulating with electrodes or vice V"€ and applies to quite general cases with a few modes, as

S . is established in mesoscopidhe current is proportionate to
versa. In order to observe that a Si wire is metallic and a M T
C o . . he voltage in this limit simply because the number of modes
wire is insulating, we need to make the wires long enough

much longer than the space charge layer width, or design th%artmmatmg in the transport is proportionate to the applied

. ! : . Voltage, due to the continuous distribution of modes in the
electrodes so that the work function difference will be mini- . : T
. A . : . relevant energy region. This prediction is at least not contra-
mized as in Fig. &). The longer wires have their electronic

identity while the shorter wires do not, and it is worth notic- dictory to the_ expe_nmental f”?d'”gs of the quantl_zanon O_f
: S : : conductance in various metallic wire structures with atomic
ing this trivial, but important point.

dimensiong? but not yet exactly verified experimentally. In
V. EXPECTED /- V CHARACTERISTICS WITH fact, gacr_\ stud.|ed geometry is not quite the one-dimensional
atomic wires discussed here. Second, we cannot completely
INTERMEDIATE PARTICLE EXCHANGE exclude the possibility that they have observed, e.g., bimodal
With intermediate particle exchange, with.~x,,, we transmission in the diffusive regime.
expect that the associated effective capacitance is large and
the discreteness of energy levels is still relevant. Then, there
will be two distinct patterns for metallic wire transport: the V. SUMMARY AND DISCUSSIONS
electrons are less likely to flow for a fully filled case and Various atomic structures with Si and Mg atoms are stud-
more likely for a partially filled case, where the maximum ied theoretically, and it is shown that Si wires and arrays are
differential conductance is limited by the mode-selectionmetallic, Mg wires are insulating, and Mg arrays have me-
process at the contact. The expected/ patterns are sche- tallic and insulating phases. The calculation neglects the ef-
matically shown in Figs. @& and &b) for fully and partially = fects from the substrate, but they will not change the above
filled cases, respectively. For the fully filled case, the currentesults qualitatively. The electronic properties of wires can-
will flow only when the applied voltage overcomes the sepa-hot be discussed without specifying the electrodes, especially
ration of the discrete energy levels as in portion A, while forwhen the wire is short, because of the physical processes at
the patrtially filled case, the current will flow with an infini- the contact. The particle exchange rate at the contact deter-
tesimal voltage as in portion C. The typical energy separamines the relative importance of the Coulomb interaction
tion is on the order of 10' eV for an atomic wire with and the level broadening effect. With intermediate particle
10" atoms with a separation of @&, and this gives a rough exchange along withy.~ x., depending on whether the
scale for the expected offset voltages. When a finite voltag@ighest occupied level is fully filled or partially filled, there
is applied, the electrode Fermi energies in the source andould be differences in the—V characteristics for metallic
drain split to support it. Every time the electrode Fermi en-wire transport. An offset voltage is required for a current
ergies cross a new wire level, it creates a sudden increase anset for the former, while an immediate current onset is
current by forming steps in the-V characteristics as shown expected for the latter, with a finite differential conductance
in portions B and D. The current onsets have a finite gradiendn the order of the quantum unit of conductance. Each time
due to the mode-selection process at the contact. As is oftehe Fermi energies in the electrodes cross a new wire level
pointed out in mesoscopia, such mode selection at the cowith voltage, a step in the—V characteristics results.
tact causes a finite conductance even though the transmission Lang has already discussed a special situation on how
coefficient is unity, and we will observe the quantum unit of space charge layers form in Ref. 21 with a first-principle
conductancéor its integer multiple® With this inherent ef-  calculation. He studied the electronic properties of an adatom
fect, the differential conductance of the current onset cannatn a metallic surface, and assumed that the Fermi energy of
be infinite experimentally, but limited to be on the order of the adatom aligned to that of the metallic surface. The ada-
the quantum unit of conductance. tom was either filled or depleted with electrons, depending
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on the difference of the original work functions before con-a p-n junction? Any possibility for the creation of light-
tact. The discussion here is consistent with this if the adatoremitting diodes? These points are left for future studies.
is regarded as the shortest wire in Figb)5
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