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Electron transport through monovalent atomic wires
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Using a first-principles density-functional method we model electron transport through linear chains of
monovalent atoms between two bulk electrodes. For noble-metal chains the transport resembles that for free
electrons over a potential barrier whereas for alkali-metal chains resonance states at the chain determine the
conductance. As a result, the conductance for noble-metal chains is close to one quantum of conductance, and
it oscillates moderately so that an even number of chain atoms yields a higher value than an odd number. The
conductance oscillations are large for alkali-metal chains and their phase is opposite to that of noble-metal
chains.

DOI: 10.1103/PhysRevB.69.125409 PACS nunider73.63.Rt, 73.23.Ad

Chains of metal atoms can be considered as ultimate corpy the charge neutrality requirement. Recently, Thygesen and
ductors of the future nanoelectronics. On the other handjacobself calculated conductances of Al atom chains. The
their experimental and theoretical investigation enlightensonductance shows oscillations with a period of four Al at-
fundamental physical issues related to the confinement adms. The results can be understood by the resonance forma-
electron state$Especially, an interesting question is how thetion, but instead of the charge neutrality requirement the
valency and the different responses of different types ofelectronic structure of an infinite wire has to be used in the
atomic statesg, p, andd orbitals are reflected in the various interpretation.
properties of the atomistic constrictions. A possible realiza- Several works have addressed also the conductance of
tion of conducting atom chains is a string of gold atomsgold wires on the basis of electronic-structure calcu-
adsorbed on a silicon surfatéMoreover, the formation of lations**~° These works show that the chains have a ten-
free-standing chains of gold atoms between two bulk eleceency to dimerize upon strong elongation in accord with the
trodes was predicted by molecular-dynamics calculationsPeierls mechanism. However, the conductance as a function
and verified by high-resolution transmission electronof the chain length has not been studied consistently. Brand-
microscopy and mechanically controlled break junction byge et al® calculated the transmission for gold chains of
(MCBJ) experiment$. two different lengths using the tight-binding formalism with

Transport properties of atomic contacts have been inveghe local charge neutrality requirement. The chain with an
tigated for more than a decal@he well established quan- even number of atoms showed a slightly larger conductance
tization of conductance of gold contacts and chains has madean that with an odd number of atoms.
them benchmark systems. In the MCBJ experiments it is We calculate the conductance versus the chain length for
possible to measure conductance and chain-length distribkM and NM chains connected to electrodes. Although both
tions simultaneously and thereby correlate these meaSuresypes of systems can be considered as monovalent we find
Very recently, it has been reported that the conductance ainexpected differences in the electron transport near the
chains of Au, Pt, and Ir atoms oscillates as a function of thé=ermi level. Their origin is in the hybridization of the
number of atoms in the chafhHowever, the detailed struc- orbitals with thes orbitals in the NM systems. Surprisingly,
ture of chain, including the actual number of chain atomsthe transport through the NM chains is free-electron-like
remains unknown in the MCBJ measurements. This clearlwhereas that for AM chains is dominated by strong reso-
calls for support from first-principles calculations. nances of molecular-orbital character.

In the present work we consider chains of monovalent We perform electronic-structure calculations within the
alkali-metal(AM) and noble-metalNM) atoms. When pull-  density-functional theory and the local-density approxima-
ing them in experiments, the conductance is just beforgion for electron exchange and correlation. Nonlocal norm-
breaking close to one quantum @,=2e?/h) signaling that  conserving scalar-relativistic pseudopotentials with partial
only one channel is open for transmissiohheoretically, the  core-corrections and atomic-orbitals basis sets ofstasTa
conductance of Na atom chains has been studied witbode are usetf:*® The electronic structures and transport
density-functional electronic-structure calculatidns: Sim  properties are determined using the nonequilibrium Green’s-
et al X predicted using the Friedel sum rule that the conducfunction method based on th&ANSIESTA package'?
tance of a chain of an odd number of Na atoms between bulk The geometry used for the nanoconstrictions is shown in
electrodes is close to G, whereas that for a chain of an Fig. 1(a). The leads have the face-centered-cufic) struc-
even number of atoms is clearly belowGy. This was con- tures and the atom chain is in th00] direction. The calcu-
firmed by Tsukamoto and HiroséThe findings for the Na lation volume (repeated periodically perpendicular to the
atom chains can be rationaliZ8cby noting that the atom wire) is shown in the figure. The chain atorfwith the co-
chain exhibits strong molecular-orbital-like resonances, therdination number of Rare labeled by successive integers.
positions of which relative to the Fermi level are determinedThe tip atoms labeled by, andTg belong to the electrodes.
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012 3 45067 8 9 10 of the conductance oscillations is an induced resonance state
which is well localized at the chait?:?° Due to the charge

Number of atoms in chain, N neutrality requirement the resonance is half filled for an odd

N causing a high local density of statéDOS) at the Fermi

evel (Eg) in the chain. Therefore the conductance has a

)aximum. For evem the resonance is filled and well below

g resulting in a low LDOS aE&g and a low conductance.

he behavior of the conductance of the NM chains differs

FIG. 1. (Color) (a) Model used for nanoconstrictions. The chain
and cone atoms are denoted by red and green circles, respective
For these atoms the electronic structure is solved self-consistentl&
For the other atoms in the calculation supercell, denoted by yeIIov?

r

circles, the effective potential of the bulk atoms is used. The borde h f the AM chai The oh fth illati .
of the supercell are indicated by thin solid linés). Conductance of rom that of the chains. The phase of the oscillations Is

Na (black circles and Cs(red squareschains andc) that of Cu, oppositeto that for the AM chains and the minima drop only

Ag, and Au chains as a function of the number of atom in the chain@ few percent below G,
Also the density of stateDOS) and the electron trans-

The successive atomic layers in the left and right leads areission show important differences between the AM and
labeled ad.; andR;, i=1, ... ,3,respectively. In the calcu- NM systems. Figures 2 and 3 show the projected density of
lation volume there are totally 169N atoms, withN atoms  states(PDOS and the energy-dependent transmission coef-
in the chain. The electronic structure corresponding to 46icient for the Cs chain wittN=9 and for the Au chain with
+ N atoms is solved self-consistently, and for the remainingN=10, respectively. The PDOS includes the chain and the
atoms the effective potential is frozen to the value calculatedwo tip atoms. The overall PDOS shape of the Cs chain
self-consistently for the bulk system. We have tested that thdecays toward high energies as is typical for a one-
enlargement of the supercell does not change significantlgdimensional system. However, there are strong peaks super-
the results obtained. We will focus on the effects of the elecimposed. They correspond to resonance states arising from
tronic structure on the conductance. Therefore we use thiéhe chain molecular orbitals with zero, one, two, etc., nodes
same structure, with the experimental bulk nearest-neighbalong the chain. For a chain &f atoms there aré&l/2 reso-
atom distancesr() in the chain, for both the AM and NM nance peaks belo&r. Thus, our notation that only the at-
systems. The distances used are 2.630 ANa), 3.762 A oms with the coordination number of 2 belong to the chain
(Cs), 2.556 A(Cu), 2.889 A(Ag), and 2.886 A(Au). attains a real physical meaning. The corresponding resonance
Figures 1b) and Xc) show the conductances of the AM peaks dominate also the transmission as can be seen in Fig.
(Na and Cgsand NM (Cu, Ag, Au chains, respectively. For 2(b). Thus, our results confirm the model by Senal.
the AM chains the conductance is close t@&g for odd N Figure 3 shows the PDOS and transmission as a function
and for everN the conductance is clearly belowG,y. These of energy for the Au nanoconstriction witN=10. Since
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FIG. 3. Au nanostriction wittN= 10 chain atoms.a) Density of K R 4
states projected on theorbitals (s-PDOS of the chain and the tip 8 5 T N
atoms.(b) Transmission of the channel. The energy is given rela- g s 1
tive to the Fermi level Er=0). The insets show magnifications of i l | | (b | | | i
PDOS and transmission near the Fermi level. L
0 2 4 6 8 10 12 14
only a single eigenchannel is open négr, the correspond- coordinate in z-direction (ro)
ing s-projected PDOS ang-channel transmission are shown
in Fig. 3. Below—0.6 eV thes-PDOS shows strong oscilla- FIG. 4. (Colon (a) Excess Mulliken charge for different atoms

tions, resembling the oscillations in the total-PDOS for thein the Cs and Au nanoconstrictions with= 10 chain atoms. For the
Cs chain in Fig. ). For energies above-0.6 eV the labeling of the atoms, see Fig(al (b) Density of states aEg
sPDOS decays as the DOS in a one-dimensional systenprojected on the different atoms in the Csjuares and Au (tri-
Resonance states now appear as weak oscillations giving rig@gles nanoconstrictions witiN=9 (open markersand N=10
to shoulders in the PDOS. For the ten atom chiinis  (filled markers chain atoms.
located between two shoulders of the curve, while for a chain
with an oddN Eg is located at a shoulder. In the same energystates which are in the region of ion cores are transferred to
region the transmission behaves free-electron-like, i.e., witlthe nonbonding states which are away from iorigacuum
transmission coefficients close to unity. However, there areegion) in comparison with the bulk atonfs.The driving
small oscillations in the transmission coefficients, and interforces of this rehybridization are both the increase of the
estingly the resonance shoulders now correspond to trankonding by reducing the electrons in the antibondirgjates
mission minima. As we will illustrate with a simple model and the reduction of the kinetic energy by relaxing the elec-
below, this behavior is related to interference of the incidentrons from ion cores toward vacuufhAlso the electrons in
wave with the wave reflected twice at the chain ends. In Figbondings states are slightly relaxed toward vacuum to re-
3(b) for N=10E is close to a transmission maximum. This duce the kinetic energy. The spill-out of the electrons toward
is true also for other eveN values, while for oddN Eg lies  vacuum by the rehybridization and the pure relaxation
close to transmission minima. According to our results thismechanisms increases the work function of the low-
behavior is valid for other noble metals, too. This interplaycoordinated NM systems. When the chain is connected to the
between the Fermi level and the transmission results in theeads the work function difference causes charge transfer
conductance with the even-odd oscillations in Fi()1 from the leads to the chain because the spill-out is larger for
Next we want to understand from the basic electronicthe chain atoms than for the surface atoms. A dipole is
structures why the transport is free-electron-like in the NMformed so that the potential in the chain rises relative to that
chains whereas in AM chains it is dominated by the resoin the leads. The&l bands are shifted upwards relativeEe
nances due to the molecular orbitals. The excess Mullikemvhen comparing the LDOS in the chain to that in the leads.
charges per atom projected on the different atoms of the C8his phenomenon is observed for Au chains also in the tight-
and Au systems wittN= 10 are shown in Fig.(@). For Au  binding calculations with the local charge neutratftyFor
there is strong charge transfer so that the tip and the chaithe AM systems with no electron in antibonding states the
end atoms gain extra electron charge. The strong charggpill-out of the electrons in bonding states toward vacuum
transfer can be understood as follows. At low-coordinatedshould lead to the weakening of bonds. Therefore both the
NM atoms, the electrons in the uppermost antibondihg spill-out and concurrently the charge transfer would be weak.
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Indeed in the case of AM the week charge transfer is ob- 10
served as shown in Fig.(d. Next we argue that the strong
charge transfer in the NM systems causes the transport prop-

erties to differ from the AM chains. 9
In the AM systems electron scattering takes place mainly
at the connections between the chain and the leads. As shown 8

Conductance (G;)

in Fig. 2 resonances corresponding to molecular orbitals are
formed and they are filled according to the charge neutrality
requirement for the atom chatft?° This picture is confirmed . . .

in the PDOS for theN=9 andN=10 Cs nanoconstrictions Initial distance of T,-T, ()
in Fig. 4(b). Here the projection is performed Bt on dif-

ferent individual atoms. The even-odd oscillations in the FIG. 5. Conductance of the Au nanoconstriction with= 2
PDOS for the oddN correspond to a molecular state which chain atoms as a function of the stretching. The stretching is given
vanishes at every second atom. For ewemhe uppermost as the initial distance between the tip atoifs and T, [see Fig.
occupied molecular orbital has a similar amplitude on everyl(a@] before relaxing the atomic positions.

chain atom, and there are no clear oscillations.

This scattering at the connection points is also present iy chains with constant interatomic distances. Similar steps
the NM chains. If this were the only scattering mechanismyere recorded earlier by Rubio-Bollinget al?? Further-
we would obtain maximum transmission for obtidalso for more, Smitet al. concluded that the maxim@ninima) in the
NM.2% However, for the NM systems, this scattering is weakeonductance correspond to an déster) number of atoms in
due to the stronger couplingigher DOS to the electrodes. the chain. This is also in contrast to our results in Fig).1
This is reflected in the high transmission for both odd andrpe findings by Smiet al. resemble the conductance oscil-
evenN for NM. The weak chain-electrode scattering makesjations of the AM chains in Fig. (b). This behavior arises
additional scattering mechanisrimside the NM chains vis-  from the changes in the electronic structure as a function of
ible. . the number of chain atoms. However, according to our cal-

The PDOS for the Au chain in Fig.(d) does not show  cyjations the electronic structures of the NM chains behave
strong oscillations in accord with the absence of thegifferently, and it is not justified to apply the models devel-
molecular-orbital character. The PDOS values rise from th%ped for the AM chains to interpret the NM chain results.
leads to the chain corresponding to the potential baimier In addition to the purely electronic effects discussed
sidethe chain caused by the charge-transfer dipoles. For thgpoye, the changes of atomic structure when a chain is pulled
NM nanoconstrictions this barrier dominates the scatteringnay affect the conductance behavior. In order to estimate the
nearEg while the scattering at the connection points givesmagnitude of these effects, we have calculated the electronic
rise to the molecular-orbital-like resonances well belBwW  and the relaxed atomic structures along the conductance for
[see Fig. 3(a)]. The electron transport is free-electron-like the Au constriction withN=2 chain atoms as a function of
nearEr and the transmission in Fig(k3 obeys the equation the elongation of the system. The starting point is the same
for free electrons over a one-dimensional potential ba”ierconfiguration as discussed above but now with a different
le., distance between the tip atoffig and T, set up by changing

5 . the (equa) bond lengths between the “dimer” chain and tip
Vo sirf(kL) atoms. Then we allow all the atoms except the buffer layer
4E(E—Vy)| ' atoms[yellow circles in Fig. 1a)] to relax in order to find
their equilibrium positions. The calculation is repeated for a
whereV, and L are the barrier height and length, respec-new longer initial distance between the tip atoMsand T,
tively. k=2(E—V,) is the wave vector inside the barrier until the wire breaks in the simulation with an abrupt de-
region. According to EQq.(1) the transmission minima crease in the conductance. The conductance is shown in Fig.
(maxima appear wherkL=n/2 with n equal to an odd 5 as a function of the elongation. The conductance varies
(even integer. Now we need a relation between the Fermbetween 1.005, and 0.92G,. This variation is correlated
wave vectorkg andn. For an infinite chain of monovalent with changes in interatomic distances in the atom chain. The
atomskg= m/(2a), wherea is the interatomic distance. For electronic structure remains at all elongation stages free-
a finite wire with N atoms this translates into-=n/2L, electron-like, i.e., there are no strong resonances in the DOS
with L= Na. To justify this relation we have calculat&d of = near the Fermi level. The conductance variation in Fig. 5 is
the barrier model numerically, assuming that the barrier remuch larger than the oscillations seen in Figh)1Thus, the
gion is charge neutral. Indeed we fikd~nm/2L whennis  effect of the stretching on the conductance is larger than that
even Thus this simple barrier model explains the behavior ofof adding a new atom in a chain when keeping the inter-
the transmission through the NM chains. atomic distances constant.

Conductances of Au atom chains have been measured re- To model the experimental situation in detail we would
cently by Smitet al® using the MCBJ method. The conduc- have to involve many more atoms in order to simulate how
tance as a function of the Au atom chain length in individualatoms are pulled from the bulk banks of the electrodes into
pulls shows steps which are of the order of @}, i.e., the chain. Moreover a number of different initial geometries
remarkably larger than the oscillations in our results for thewould probably have to be performed. This is well beyond

-
o -
©

T(E)=[1+ (1)
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the limitations of first-principles simulation of today. How- length so that conductance maxin@inima) occur at an
ever, it is interesting to note that according to our preliminaryeven(odd) number of atoms in the chain. This is in contrast
results the conductance as a function of elongation behavése the transport through AM chains for which the resonances
differently for differentN. For example, foN=3 the con- due to the molecular states are dominating and result in
ductance variation is smaller than fbi=2. The stretching Strong even-odd conductance oscillations with the phase op-
effects might explain the experimental finding that the con-Posite to that of NM chains. Our simulations for the Au atom
ductances of the Pt and Ir atom chains oscillate similarly t®h&ins indicate that the conductance changes remarkably
that of the Au chains but with larger amplitufl€ompared during the stretching of the wire. Our notions are important

to Au the conductance of Pt chains is expected to depen ;‘en inéelrprelyijn? tr;\eMre::ent Ir\]AC;BJ resulttsbfor Al:j fChali\lr]ISI.
more strongly on the change in bond distance due to th € modet valid for atom chains cannot be used for

conduction channels involving thibelectron<® atom chains. Moreover, on the ultimate limit of the atomic

In conclusion. we have studied electron-transnort pro erg;hain noble-metal atomic wires with a rather structureless
. ’ : : Fansport Propery. o o ejectron-like conductance would be superior over the
ties of AM and NM atom chains from first principles. In the

L . ) .~ alkali-metal atomic wires showing strong resonance effects.
NM nanoconstrictions the lowering of the atomic coordina- 9 9

tion results in charge transfer from uppermdsirbitals tos This work was supported by Academy of Finland through
orbitals. A potential barrier is built up at the atom chain andthe Center of Excellence Progrd2000-200%, and the Dan-

the electron transport over it resembles that of free electronssh Natural Research CoundiENF). We acknowledge the
The conductance of the NM chains is close to one quanturgenerous computing resources of the Center for the Scientific
of conductance and it oscillates as a function of the chairComputing(CSQO, Espoo, Finland.
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