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Conductance,l -V curves, and negative differential resistance of carbon atomic wires
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We report on a first-principles analysis of transport properties of carbon atomic wires in contact with two
metallic electrodes under external bias. The equilibrium conductance of the atomic wires is found to be
sensitive to two factors: charge transfer doping, which aligns the Fermi level of the electrodes to the lowest
unoccupied molecular orbitdLUMO) of the carbon chain, and the overlapping of scattering states to the
LUMO. The conductance is also affected by the crystalline orientation of the electrodes. The low-bias current-
voltage (-V) characteristic is linear, but a negative differential resistance is observed at higher bias due to a
shift of conduction channels relative to the states of the electrodes by the external bias potential. Our first-
principles results give a clear physical picture of the molecule-electrode coupling, which is the controlling
factor of electric conduction through the carbon atomic wires.
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[. INTRODUCTION linear response transport coefficients. It is the purpose of this
paper to report a first-principles investigation on the linear as
Quantum transport properties of atomic scale conductorgell as nonlinear quantum transport properties of carbon
have received great attentfori* recently because they rep- atomic wires.
resent the ultimate size limit of functional electronic devices. There have been several theoretical methods for analyzing
In many instances, the atomic scale systems demonstraténsport properties of atomic scale conductors. The simplest
highly nonlinear current-voltagel{V) characteristics, and approach is to estimate the shape of an atomic wire using
therefore they have profound potential for device applicaphysically plausible arguments, then assuming a hard wall
tion. These interesting and important nonlinear properties inpotential for electron scattering, and finally obtain transmis-
clude negative differential resistance and electromechanision coefficient$*~28 For certain situations a qualitatively
and electrostatic current switching®”°Experimental fabri- reasonable physical picture can be achieved using this simple
cation of atomic wires has progressed along several lineapproach on equilibrium conductance of a wire. At a more
Using the atomic manipulation ability of scanning tunneling microscopic level, many authors apply semiempirical meth-
microscopegSTM) or atomic force microscopes, an atomic ods based on parametrized Hamiltonians, such as tight-
wire can be formed between a sharp tip and a substrate arminding or extended Hikel models, to investigate atomic
its electrical properties measurttf>°The atomic wires wires?*~*" The parametrized Hamiltonians are generally de-
formed this way can be extremely small, involving only arived from the bulk or from isolated molecular systems;
few and even just a single atdhA related experimental therefore the parameters usually do not account for such
method for fabricating and investigating atomic wires is thephysical factors as the external bias and gate potentials. Fi-
break-junction techniqu¥*® where a metal filament under nally, a more fundamental analysis is from first principles
investigation is broken by a bending beam underneath. Fuwhere the Hamiltonian of the system, including the atomic
ther bending is then controlled by a piezovoltage, allowingorbitals, the exchange-correlation interactions, the core-
fine adjustment of the distances of the two metal pieces iwvalence interactions, the coupling to the electrodes, as well
contact, forming an atomic wire in between. In addition toas the effects of external fields, is calculated self-consistently
these clever mechanical techniques, substantial effort hasithout any phenomenological paramet&s? However,
been devoted to the fabrication of free-standing atomic wiredirst-principles analysis of the full-V characteristics of
using a variety of methods. For instance, several processegomic scale conductors is a difficult problem to solve. In-
based on lithographic techniques have fabricated silicon odeed, despite the extensive literature on atomic wires, many
polycrystalline Si nanowiré8~2% with sizes in the few- of their most basic properties are still not well understood.
nanometer range. To further understand the electric conduction mechanisms
There has also been intense theoretical investigation cdt the atomic and molecular scale, in this work we report a
transport properties of atomic wires, using phenomenologidetailed first-principles analysis of theV characteristics of
cal, semiclassical, or quantum mechanical first-principlesarbon atomic wires. Carbon atomic wires are interesting
methods. So far, theoretical investigations have been focusembnductors and have attracted considerable recent atten-
on evaluating equilibrium conductance of atomic wires as aion.**3In particular, due to charge transfer dogihtp the
function of a control parameter such as the scattering ele@arbon atoms from the electrodes, the equilibrium conduc-
tron energy or a geometrical parameter of the wires. A moreance of short carbon wires varies with its length in a semi-
important problem, clearly, is the prediction of current- periodic fashiorf! Such behavior is neither Ohmic nor bal-
voltage (-V) characteristics for atomic wires becaus®&  listic and therefore represents an interesting conduction
curves are directly measured in an experiment and they corpehavior totally due to the atomic nature of the carbon va-
tain the full nonlinear transport information not accessible bylency. Comparing with previous wotk*® on carbon atomic
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wires, our focus is on two very important aspects not studiedors: the charge transfer doping effect, which aligns the
before:(1) What is the behavior of the-V curves of carbon Fermi level of the electrodes to the LUMO state of the iso-
atomic wires? What are the physical factors that determinéated carbon chain, and the overlapping of the scattering
these behaviors?2) What are the effects of atomic elec- states of the wire to LUMO states. The equilibrium conduc-
trodes that connect to the carbon atomic wires? Previoutance is also found to be sensitive to the crystalline orienta-
investigation8*® on these wires used jellium electrodes; tion of the atomic electrodes. Our first-principles results give
therefore any effects due to the crystalline structure of the clear physical picture on the molecule-electrode coupling,
electrodes were neglected. We will also report other resultg/hich is the controlling factor of electric conduction through
such as the behavior of equilibriutat zero bias conduc- the carbon atomic wires.
tance versus the carbon-wire—electrode distance, the charge The paper is organized in the following way. In the next
transfer doping, and the conductance at a finite bias, fosection we briefly outline our model of the atomic wire, and
wires with atomic electrodegas opposed to jellium elec- the theoretical and computational technique used in our
trodes. analysis; Sec. Il presents our results on theé curves and
Our results, obtained from first principles, clearly suggestSec. IV on the behavior of zero-bias conductance; a short
that carbon atomic wires have nonlindal characteristics summary is contained in Sec. V.
if the electrodes are at atomic scale, and they display a nega-
tive differential resistancéNDR) behavior at high bias. This
is a very interesting result because NDR is typically ob-
served in semiconductor devices in the resonant tunneling In order to predict quantum transport properties of atomic
regime, which is a very different situation as compared withscale conductors, especially theV/ curves, we have devel-
the very conductive carbon atomic wires. NDR has also beenped a modeling technique within the first-principles density
observed in STM measurements involving a tip and a subfunctional theory*=>¢ (DFT) approach. The details of this
strate separated by a vacuum tunneling barfiéThere, the technique are presented elsew¥réand in this section we
NDR is understood as due to the on-and-off alignment obriefly outline the main points for completeness of the pre-
narrow features in the density of statd30S) of the two  sentation.
parts (tip and substradeacross the tunnel junction. For the =~ We consider carbon atomic wires shown in Figa)l
conductive carbon atomic wire and its NDR, this DOS pic-where a short chain of carbon atoms are in contact with two
ture turns out to be quite helpful. By a combined consider-Al atomic electrodes that extend to electron reservoirg at
ation of the DOS effects of the two atomic electrodes with= %o where the electric current is collected. We investigate
the electronic properties of the carbon wires, the NDR can baires with different lengths as a function of bias potential
well understood. We have investigated the equilibrium con-and the chain-electrode contact distadc@/e investigate the
ductance of short carbon atomic wires with odd and everconsequences of atomic scale electrodes, specifically Al elec-
numbers of carbon atoms, and found that the conductandeodes with a finite cross section oriented in fHé0] or
oscillates with the carbon-atom—electrode contact distanc¢l111] direction. In the calculation we have fixed the atomic
This behavior is a direct consequence of two physical facpositions of both the electrodes and wire. The0) electrode

IIl. SYSTEM AND METHOD
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is represented by a slab of Al atoms oriented along(10€) N i

plane with 18 atoms per unit cell repeatedzto+ . For the p=- EJ' dE G~(E), (1)
(111) electrodes, each repeating unit cell contains 32 atoms.

The carbon atoms making up our wire are separated by 2.@here, within a one-particle theory such as the DFT,
a.u>** The carbon atoms in contact with the electrodes are

positioned at the hollow site for ALOO) electrodes and at the G==GRs <[fX <']GA. )
top site for the A{111) electrodes. '

When an external bias potentiaV,,, is applied to the left  Here GR'A is the retarded/advanced Green’s function of the

(I) and to the rightr) reservoirs, the electrochemical poten- conductor. The quantit§<[fk{‘,fk{‘] represents injection of

tials, wy + AV, of the two electrodes are not equal and thecparge from the electrod®sand can be written in terms of

atomic wire is in a nonequilibrium steady state. Hgfig is e Self-energie§l , andX , due to coupling to the left and
the chemical potential of the reservoirs. We also note that thﬁght electrodes. ’

conductor in Fig. (a) is an opensystem and is therefore
infinitely large due to the presence of electrodes. This is in
clear contrast to the familiar situations normally analyzed in
DFT that are either finitéas in quantum chemistnor con-
sist of periodic supercell@s in solid-state physitsin order
to deal with the open structure and the nonequilibrium situ

S )= — 20 im(9S) +ERSE ), (3)

wheref* andfk are the Fermi distributions of the left and

right electron reservoirs. The charge density constructed this
: : S 8 way, including both scattering states and bound states, to-

ation from first principles, we proceed as follows: gether with the boundary condition discussed above, is the

First, we reduce the infinitely largepen conductor to : : .
something numerically tractable by making a simple obser_correct density for.o.pen systems unQer extern_al bias. Using

. it o the boundary conditions on the effective potential mentioned
vation that the Kohn-Sham potenti®f'(r) deep inside an

electrode surfacéi.e., far away from the carbon atoinis above and given the distrfi;bution functiorfé‘r,fkf, the
very close to the corresponding bulk Kohn-Sham potentialmethOOI we have develop¥d” yields theexactsolution to

This bulk potential is calculated within DFT and stored into ;[h(e:rgg)sr;ns-Sham equations as the size of the simulation cell
an electrode database for later use. To analyze the device, w S - '
In this work we use a minimas,p real space fireball

divide it into three sections: the left and right electrodes, anqinear combination of atomic orbitals(LCAO) basis
the central cell, which is actually our DFT simulation box _ 57 5s63 .
sety>**?and use the standard nonlocal norm-conserving

[see Fig. 1a)]. Note that the central cell contains a portion of pseudopotentiét to define the atomic cores. In this way the

the electrodegFig. ()] and all the atoms inside the central Hamiltonian of the wires can be organized into a tridiagonal
cell are included in our DFT self-consistent iterations. Dur- ) - R gA nciag
form and the Green’s functionG™,G™ can be obtained by

ing the iteration, we require that at the boundary of the cen-. . LT . 58
tral cell, the potentiaV=(r) is matched with that of the direct matrix inversion in the orbital space>® The use of a

) . minimal basis set results in an efficient calculation and also
corresponding bulk Kohn-Sham potential of perfect elec-

. ‘acceptable accuracy as amply documented in the
trodes' stpred in-our electrpde database. The exterr?al b'?i?erature?7'58*46'65'63'66 Finally, we calculated the self-
potential is then easily applied as the boundary condition for Y r . £7s5g ) .

; . , - _“energies| | andX| , by extending’*®a technique discussed
the Hartree potential, which we solve in real space using q nat 67 '
multigrid numerical techniqu&.*® As an example, Fig. (b) OEr}lc.:e kr) i obtained. we evaluate all other relevant
plots the calculated Hartree potential at bis¥=+0.5V ; P h ! o tl' ' Wt t_VNLéﬁ neludi thV
minus its value alhV=0, across the atomic wire at a given ern;]s in—the Ie 'ec |ved pr? entialvc (r).bm.c u |r:g hi €
transverse position. In our calculations we varied the size ofXchange-correlation and the core contributions. In this way

the central cellthe length of the electrodes included there V€ iterate the self-consistent Kohn-Shamﬁgquation to nu-
until no change is detected in the physical quantities. merical convergence, which we choose as 18V for the

Second, in order to carry out the DFT analysis, one muspPand-structure energy. Physical quantities are then collected,
calculate the charge distributigr(r) for the system. In con- and in particular we obtain electric current by evaluating the

ventional DFT self-consistent iterations(r) is constructed Landauer formula,

by summing over the Kohn-Sham eigenstates. For an open

conductor such as that of Fig(al, while one can determine | = E “”‘axd E(fk,”_fk;‘)T(E AV) (4)
all the scattering states that conneet— o to z= + o across h ' '
the carbon chain, it is very difficult to determine all the

bound states that exist inside the scattering regich. whereT(E,AV) is the transmission coefficient at enerBy
The reason that there may be bound states is because thed bias potentiaAV, given by°

bandwidth of the carbon chain can be larger than that of

the electrodes; therefore the chain region behaves as a poten- T(E,AV)=4 Tr[lm(E:,I)GIR,r Im(S; )G . (5)

tial well. To overcome this difficulty, and indeed, to deal with

the nonequilibrium condition due to external bias, we con-lt is emphasized that, since the current is calculated from a
struct p(r) using the Keldysh nonequilibrium Green'’s self-consistent analysis, the functions inside the trace in Eq.
functiorf®-62G=, (5) are all functions of bias potentialsV=(AV,—AV,).

Mmin
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35 due to shifting of the resonance state inside the tunnel barri-
45 | ] e ~ ers by the bias potential. At small bias, the resonance state is
. P iy el higher than the Fermi level of the electrode; therefore trans-
. ' port is off-resonance leading to a small current. At a larger
bias, the resonance level is pushed down to align with the
Fermi level of the source electrode leading to resonant tun-
neling, and a larger current flows. At even larger bias, the
resonance level is pushed below the edge of the conduction
band of the semiconducting source electrode, giving rise to a
drop in the tunneling current. This gives the familiar NDR of
resonant tunneling diod&8.This physical picture of NDR,
however, does not apply to our atomic wires because the
wires are not in the tunneling regime and because the elec-
trodes are metallic.
Another interesting scenario that is very useful to our situ-
ation is the NDR discussed in the STM literatdfeln an
FIG. 2. The current-voltage characteristics of the STM experiment, if the tip is in the atomic scale, narrow
Al(100-Cy-Al(100) carbon atomic wires including=4—7 car-  features in the density of states can develop at the tip apex.
bon atoms. The contact distance is fixedat1.90 A . Upperinset:  When the tip is near the sample surface being studied, the
band structuréee=E(k) of the atomic electrodes witk along the  narrow tip DOS feature can be tuned to align with localized
wire direction ¢ axis). The Fermi level of the electrodes isSBf  states of the sample by the bias potential. Therefore, the tun-
=0, shown as the horlzon_tal solid line, which cuts several possmlc-he”ng current is low at small bias before the alignment; at a
bands at variou. For a given energy, not all electrode Bloch |546r hias when alignment occurs the current becomes high:
states .Cor.]t”bme 1o Condu.cuon' There are wo bdm‘?h deger." and it becomes low again at even higher bias when the DOS
erate, |nd_|ca_ted by the solid circles a_md squares, which contnbut_efeature of the tip is off alignment. This gives NDR, as ob-
to transm'?}f'gn tthrTo(uEg)h the Carbonlw'rtes' Lower 'nysét: fthe trtﬁnsm'séerved in Ref. 53, in either the positive-bias or the negative-
sion coerricien versus electron energ or e . . . . .
Al(100)-C,-Al(100) wire at zero bias. The two conducting states bias side of thé-V curve. Recently this phySIC<'_:1I picture was
of the electrodes are responsible for the two “peaks” in the trans-emxéﬁ?sdi?] tgr;:rﬂirf;i?éjcgpgsvl\lhgrz (l)\lbDSFGZr\\I/\(/e;slng'sZ,r\ce%X?r?n-
mission- both bias polarities. For the atomic wires considered here,
although conduction is not in the tunneling regime as are the
. THE 1-V CHARACTERISTICS STM experiments where narrow DOS features of the tip and

Figure 2 presents the typicatV curves of the atomic of the sample can be defined relatively unambiguously, we
wires with 4—7 carbon atoms in contact with two(200 found the STM physical pictufé” to be quite helpful in

electrodes. The carbon atom in contact with an electrode ignderstanding the NDR of the atomic wires.

positioned at the hollow site of thH&00) electrode slab, with ) To understand the origin of NDR, in the upper i_nsgt of
the carbon-atom—electrode distance chosemad.90 A . Fig. 2 we plot the band structure of a perfect periodic Al

Several observations are in order. First, all the wires displaf/Ctrode, and there are several bands crossing at the Fermi

metallic I-V characteristics, with a linear region between '€Ve!l Er=x =0 indicated by the horizontal linghe Fermi

—0.46 V and+0.46 V. In this linear regime, the slope of the level of the infinitely long electrode is shifted to zero en-
I-V curves,dI/dV, gives the equilibrium c,onductan@ of ergy). These bands are the possible incoming states for elec-

the wires. In unit ofG,=2e?/h, G can also be directly cal- tron transport aEe. In fact, for any energyE there are

culated from Eq(5), G=T(u). Second, nonlinearity sets in several possible incoming states, but not all contribute appre-
at a higher biaSvi’O 5V fcﬁ éll the Wir’es Third. for wires ciable transmission through the atomic wire. For the atomic

with even number of carbon atonfé and 6, a negative wires studied here, we found th_at there are two scattering
differential resistance is observed at around.46 V, where states, eackloubly degenerathhlch conpeclz= —xloz .
the current decreases with increasing bias voltage. Finally, +e acnross the carbon chain. We obtained these scattering
NDR is also observed for chains with an odd number ofstates¥* (E) using ourab initio technique’****HereE is
carbon atom$5 and 7, but at anothethighe bias as shown energy of the incident electron and the supersdqplabels
in the figure. For these odd-number chains, current keepthe scattering states incident from the left lead. These two
increasing after nonlinearity sets in, but with a slower gradi-scattering states correspond to the bands plotted as circles
ent. It is extremely surprising that an atomic wire can haveand squares in the upper inset of Fig. 2. We shall refer to
NDR nonlinearity. For simple wires one would expect a lin-these two bands as “significant electrode bands” because
earl-V curve plus, at most, a current saturation at large biasthey contribute most significantly to conduction. In the lower
The fact that current goes down with an increasing bias for @nset of Fig. 2 we plot the total transmission coeffici€QE)
good conducting atomic wire needs further analysis. versus energyE at zero bias for the Al(100)-£AI(100)

For the familiar double barrier resonant tunneling diodeswire. At E~0.46 eV, which is the band edge of the lower
fabricated using semiconductor heterostructf?eNPDR is  significant electrode bantthe circles in the band structure

Current (uA)
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crease of current for those with odd numbers of carbon at-
oms.

Immediately afterAV=0.46 eV, the behavior of the V
curve must be due to the carbon atoms themselves because
the left electrode has no more bands to offer significant con-
duction. To check this, we have calculated the electronic
states ofisolated carbon chains with 4—7 atoms, denoting

them as®;. Projection of\lf"ln(E) onto ®f gives us a mea-
sure of which “molecular state” is more important for con-
duction. Our data showed that while many carbon eigenstates
contribute to conduction, the LUMO state is the most impor-
tant and it carries over 90% of the weight on the projection
coefficient,

FIG. 3. The transmission coefficieni=T(E,AV) for the PiEKq’ﬂ‘I’kF(E))F (6)

Al(100)-C,-Al(100) carbon atomic wire.
for all energies we have checked. Due to this fadiich will

insed, T(E) drops to very small values as expectdqE) be further discussed in the next secjioet us focus on the
then increases gradually due to the participation of the sed-UMO projection P, yyo - It is important to note that the
ond significant electrode barithe squares in the band struc- LUMO state we define is not that of the isolated molecule,
ture inset until E~0.65 eV, which is its band edge. After rather it is the new lowest unoccupied state that arises from
thatT(E) is essentially zero because none of the other electhe transfer of charge from the electrodes to the carbon
trode bands can transmit through the carbon wire. wire.t

Clearly, T(E) is a function of bias voltage as well. In Fig. Why does the current start to decreaseAat~0.46 eV
3 the complete behavior df=T(E,AV) is plotted againsE ~ for even-atom carbon wires? This is because, for these wires,
andAV for the Al(100)-G-AI(100) carbon wire. In general, the coupling of the LUMO state of the carbon chain to the
fixing AV, T(E,AV) increases witlE until the band edge at electrodes becomes worse/&¥ is increased. Consider Fig.
0.46 eV, where it sharply drops to small values. Increaging 4(a), which shows the transmission spectrum of the
further, the second significant electrode band starts to play Al(100)-C,-Al(100) wire for three different values aiV.
role andT(E,AV) increases, leading to a “hump” at larger Upon examination of the energy level structure of the C
E. On the other hand, for a fixed ener@y T(E,AV) de- chain(and other chains the data show a good one-to-one
creases slowly and monotonically witlAV for E  correspondence between the peaks in the transmission coef-
<0.46 eV, and shows two humps f&@>0.046 eV. It is ficients and the molecular orbitals of the ch&irherefore
easy to understand that these two humps are results of tlieansmission is dominated by a resonance behavior through
two significant electrode bands: AV=0 we see a sharp the molecular orbitals. At zero bias, for the even cHaie.,
peak due to the matching of the upper significant electrod€,, Fig. 4a)] the LUMO position, indicated by the inverse
bands in the left and right electrodes. A¥ is increased, the triangle, is abovéer=0 (E; fixed by the electrod@sWhen
bands of theright electrode will be shifted up and we ini- a positive bias is applied, the even-chain LUMO transmis-
tially see the dip corresponding to the movement of the gajsion peak shifts to higher energy further away fr&m, in
between the upper and lower significant electrode bands intaddition to a change in the shape of transmission coefficient
our energy range, followed by a broad hump due to the lowel (E,AV), indicating an increasing\V leads to a weaker
significant band. coupling between the LUMO and the electrode states. This is

The increasing part of the V curve, between-0.46 eV, the reason that the coefficieR{ yyo, Shown as the inset to
can now be easily understood. As the bias is incredeed Fig. 4(a), decreases in the entire range &Y for all the
decreasex the relative position of the band structure of the energies of the even chain, indicating that the nonequilibrium
left and right electrodes is shifted apart by the bias. Througheondition provided by a finiteAV reduces the interaction
out our calculations we have fixed,=0 and variedV, between the LUMO and the electrode states. Befthké
=AV. Since there is a significant electrode band betweemeaches-0.46 eV, the decreasing &f o by an increasing
Er=0 andE~0.46 eV(the circles of the upper insert of Fig. AV is more than compensated by the fact that more scatter-
2), as AV increases from zero to 0.46 eV the current in-ing density of states are included into the windQway
creases because more and more conduction density of state€-+AV as discussed above, and current therefore in-
are included into the integration window belowy= Er creases witlAV. But immediately afteAV~0.46 eV, the
+eAV [see Eq(4)], despite the slow decrease BFE,AV) left electrode has no more bands to offer significant conduc-
as a function oAV (see Fig. 3. However, whem\V reaches tion, as a result the decreasiRgyyo becomes the dominant
0.46 eV there are no additional conduction density of statefactor, giving rise to the reduction of current. Whaw fur-
for the left electrodesee upper inset of Fig.)2Therefore, ther increases te-0.6 eV, the second significant electrode
we expect a change of behavior of the current widei  band of the left electrodésquares of upper inset of Fig) 2
reaches 0.46 eV. Indeed, we observe a decrease of current f&tarts to contribute which partially compensates the decrease
carbon wires with even numbers of atoms, and a slower inef P o - As a result, the current shows a small structure at
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FIG. 4. The transmission spectrum of the carbon atomic wires for different bias potaftialhe arrow indicates the peak correspond-
ing to the LUMO state of the carbon chai@ T(E) for C4; (b) T(E) for Cs; insets: The projectiofarbitrary unit$ of the scattering states
onto the charge-transferred, “new” LUMO of the isolated carbon chain, as a function of bias potgntifar a number of electron energies
E ranging fromE=0 to 0.4 eV.(a) Projection onto ¢ LUMO; (b) projection onto G LUMO.

~0.65 eV. We have checked that the same behavior occuisarbon chain have small cross sections. It is also quite sur-
for the six-atom carbon wire. Therefore, the NDR in the prising that for a very conductive wire like ours, the behavior
even-atom chains is due to the coupling dependence of thef thel-V curve can be understood reasonably well from the
carbon-chain LUMO state to the electrodes as a function oélectronic structures of the parts: the band structure of the
AV. electrodes and the eigenstates of the carbon chains, if the
We have carried out exactly the same analysis for thescattering states of the witsE are known. Finally, we have
odd-chain wires. For an Al(100)€Al(100) wire, Fig. 4b) also investigated thé-V curves for cases of AL1l) elec-
plots its transmission as a function of energy, and the insetodes, and a similar understanding has been obtained.
plots its P, ymo Vversus biad\V. For odd chains the LUMO
is belowE( at zero bias, and a positiveV moves it toward
and eventually acrogsg, resulting in an improved coupling
between the LUMO and the electrode statesAas is in- The equilibrium conductanc® has been analyzed previ-
creased. Indeed, the inset of Figh¥showsP yyo to in-  ously for carbon chains in contact with jellium
crease withAV for the entire range, exactly opposite to the electrode$?*® In this section we present results 6f for
behavior of even-chain wires. Therefore, the current shouldvires with atomic electrodes.
continue to increase past the electrode band edge hen For a fixed carbon-chain—electrode distance1.90 A ,
~0.46 eV. This is indeed the observation of th& curves Fig. 3 shows howG varies with electron energy and with
in Fig. 2. bias potential V. Figures %a) and 5b) plot G as a function
We can therefore conclude that the nonlineay curves of d for wires with 4—7 carbon atoms for AI00 and
of the carbon atom wires studied here, especially the NDRAI(111) electrodes, respectively. The most striking feature is
for the even-atom wires, are due to competition between howhe oscillatory behavior ad is increased® This behavior
well the carbon-chain LUMO states couple to the atomicwas also observed in the jelliums@ellium wire*! Another
scale electrodes and how much scattering density of statésteresting feature is that the curves of even-atom wires fol-
contribute to the currerfthrough Eq.(4)], as a function of low each other, while those of odd-atom wires also follow
the bias potentialV. Because of the role played by the each other. For the £LOO) electrodes, the conductance of
discrete electrode band structure, to observe the NDR it ithe odd- and even-atom wires oscillate almost exactly “out
essential that the electrodes immediately in contact with thef phase”[see Fig. £a)]. We clearly expecG to vary with

IV. THE CONDUCTANCE
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the metallic electrodes at equilibrium due to the electronega-
tive nature of the carbon chains. Our calculation indicates
that at small contact distanee=0.5 A [see Fig. 1a)], two
extra charges are transferred; while at larger distatice
~2.5 A, one extra charge is transferred. We have also found
that the total amount of transferred charge is a smooth de-
creasing function ofl. As a comparison, for wires with jel-
lium electrodes, Ref. 43 reported one extra charge is trans-
ferred to a G chain. As discussed previoufyand as our
calculations show, charge transfer has the important conse-
quence of doping the molecular orbitals of the carbon chain.
For example, an isolated even-atom carbon chain such as C
has a partially filled highest occupied molecular orbital
(HOMO). When attached to electrodes, charge transfer from
the electrodes fills the HOMO and, depending on how much
charge is transferred, can further partially fill the next highest
level, which is LUMO. On the other hand, odd-atom carbon
chains such as £have a filled HOMO and empty LUMO,
and charge transfer partially fills the empty LUMO. Clearly,
these carbon-chain states are somewhat broadened when
electrodes are attached, but the important consequence of
charge transfer is the alignment of the LUM@ HOMO) of
the carbon chain to the Fermi level of the electrodes, and
these states contribute most significantly to conduction.

For the AI(100)-G-Al(100) wire, we found that there
are two scattering statésach is twofold degeneratevhich
contribute to the equilibrium conductance. Using Ej, we

projected these two scattering staté’é‘,ln(E), to all the mo-
lecular orbitals of the isolated ,Gchain, and found that the
LUMO dominates with over 90% weight for all the contact
distanced. Figures §a) and &b) plot the projection coeffi-
cients of the two scattering states onto the LUMO, together
with the transmission coefficients of these two scattering

FIG. 5. The conductance of the carbon atomic wires versus constates, as a function a. It is observed thaP yyo and
tact distanced. (a) For AI(100)-G-Al(100) wires; (b) for
Al(111)-Cy-Al(111). The inset ofa) plots conductance versus the clearly demonstrating that the values of transmisSioB)

number of carbon atoms: circles are will=0.5 A, squares are are directly controlled by how well the scattering states over-
with d=0.95 A .

the contact distancd, but why in an oscillatory fashion?
We investigate this question and other behaviors 0fAl(100)-Cs-Al(100).
conduction by looking at how the individual states of an
isolated carbon chain contribute to the total conductancejue to the two scattering states together, as a functiah of
using the scattering states projection technique, withiThey add up(after taking into account the degenerpty
Al(100)-C,-Al(100) wire as an example. An important fea- give the total transmissiofsolid line). Clearly, one of the
ture of the molecule-electrode interaction is the charge transscattering stategsolid triangle$ contributes more promi-
fer doping?® where charges transfer to the carbon chain fromently at lower values of,, while the other(solid circles is
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affected by the contact distandeSimilar conclusions can be
drawn as we have confirmed, for odd-atom wires such as

In Fig. 7(a), we plot the two transmission coefficients
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more important at larged. This is a consequence of how scale electrodes, using a first-principles technique that is
well they overlap with the LUMO as discussed in the lastbased on density-functional theory and nonequilibrium
paragraph. Therefore, when summed up, the total transmigsreen’s functions. We report the current-voltage characteris-
sion or the conductance shows the oscillatory behaviotics for these wires, and found that th&/ curves can have a
shown in Fig. %) for the Al(100)-G-AI(100) wire. We  region of negative differential resistance. The reported NDR
have confirmed that exactly the same happens for the odds due to a competition between how well the carbon-chain
atom wires, shown in Fig. (B) using Al(100)-G-AI(100)  |LUMO couples to the atomic scale electrodes, and how
as the example. much scattering density of states contribute to the current, as
A previous investigatiot on the jellium-Gjellium g function of the bias potential. This mechanism is somewhat
atomic wires observed a very interesting behavior: the equisimilar to that established in the atomic scale STM measure-
librium conductanceG varies nonmonotonically with the ment in which NDR is a consequence of the narrow features
number of carbon atoms. Such a behavior is also reported fan the density of states on the two sides of the tunnel
Au wires as due to standing waves along the Wir@ur  junction3” We emphasize that for the carbon atomic wires,
conductance curves in Fig(& also show this behavior for in order to observe NDR, narrow atomic scale electrodes are
each fixed contact distance Since our electrodes are very necessary. This presents an experimental challenge.
different from the jellium electrodes, we have checked that The transport properties of the carbon atomic wires de-
our numerical values are closest to that reported in Ref. 41 gdend on charge transfer from the electrodes. An isolated even
d=0.5 A, which are shown as the solid circles in the insetchain has a partially filled degenerate HOMO. When con-
of Fig. 5(@). At this distance, odd-atom wires have largertacted with electrodes, for example @t=1.9 A, there is
conductance than the even-atom wires. At a distadce slightly more than one extra charge transferred from the elec-
=0.95 A, shown as solid squares in the inset of Fi@,5 trodes to the chain, which causes a further filling of the
the even-atom wires have larger conductance. Clearly, frorMOMO. As a result the empty LUMO state of even chains lie
the behavior of the curves in Fig(&), this odd-even prop- aboveE [as seen in Fig.@)]. The isolated odd chains, by
erty varies depending on the value®fThis is, once again, comparison, has a filled HOMO, and after charge transfer
due to the coupling of the HOMO and LUMO to the elec- acquires a partially filled LUMO, which will, as expected, lie
trodes, which varies witldl. To test these results further, we below E¢ [Fig. 4(b)]. It can clearly be seen that the role of
have examined the difference between top site and hollowharge transfer in aligning the LUMO state of the carbon
site binding of the carbon wires to the (AD0) electrodes.  chains to the electrodes cannot be underestimated.
The results show that fod<1.5 A, the different binding We have provided a general picture of how the transmis-
sites change the transport properties, which is not surprisingion coefficients vary with both scattering electron energy
At larger separations the effect vanishes and quantitativand bias voltage. More importantly we found that the equi-
agreement is obtained for different binding sites. This sugtibrium conductance of the wires show an odd-even “parity”
gests that the crystalline structure of the electrodes plays i@ their oscillatory variation with the contact distandeOur
more important role than the binding site in determining howanalysis showed that the oscillatory behavior is due to the
molecular orbitals of the carbon chain couple to the elecoverlap of scattering states with the LUMO states of the
trodes. Indeed, our results on the AI(111)-8I(111) isolated carbon chain. Very interestingly, the main features of
wires, Fig. §b), show qualitatively similar but quantitatively the conduction can be well understood by projecting the scat-
very different oscillatory behavior. tering states onto the molecular orbitals of the isolated car-
bon chain and by examining the electrode states. This pro-
vides a powerful theoretical method in analyzing conduction
mechanisms of molecular scale systems. Our results further
In this paper we have investigated quantum transporsuggest that for carbon atomic wires the odd-even “parity,”
properties of carbon atomic wires in contact with atomicnamely odd chains behave similarly while even chains also

V. SUMMARY
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behave similarly, is more general than the one expected asechanisms and current-voltage characteristics of molecular
this property is qualitatively insensitive to electrodes, be itelectronics.

Al(100, Al(111), or jellium models* On the other hand,
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n Figs. 4a) and 4b) the transmission coefficiefii(E) has two

large peak structures witli~2. The position of these peaks
correspond to the HOMO and LUMO energies of the carbon
chains. There are other resonances at lower enédgy not
show that correspond to lower molecular orbital§ E) is also
affected by the electrode band gaps, which give rise to the other
sharp structures on the curve©fE). For example, for the even
chain, Fig. 4a) shows that the LUMQsolid triangle seems to

not align exactly to thd (E) peak, but to the right of it. This is
because the LUMO energy happens to fall into an electrode
band gap in which there is no transmission. Therefore before
T(E) develops a peak exactly at LUMO, it drops down to very
small values as shown in Fig(a).

®Whend is varied, both electrode-chain contact distances are var-

ied by the same amount.

"1The amount of charge transferred to the chain is almost entirely

due to the chain-electrode contact distadcedn the complete
range of bias voltagAV that we have investigated, the charge
transfer difference is<1%.

075420-10



