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Conductance through a single atom
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In this paper we present an analysis of conduction through a single atom between two metal electrodes.
Based onab initio total-energy and electronic-structure calculations, and molecular-dynamics simulations
using the embedded-atom model, we show that the conductance through an atom depends on the electronic
structure of both the single atom and the metal electrodes, as well as the binding structure between the single
atom and the surfaces of the metal electrodes. Our results enable us to interpret experimental results obtained
by using a mechanical break junction on atomic-scale w[i®8163-182@7)50904-0

How the conductance of a mesoscopic object depends dmefore a jump, or it ends the linear variation directly by a
its size and dimensionality has always been an attractive gamp. The jumps occur due to the sudden enlargement of the
well as intriguing subject for researchers. As early as 1957¢ontact by the rearrangement of atoms at the coft&ct-
Landauet proposed that the conduction in a solid is a scatthermore, recent work on atomic-scale wires obtained by me-
tering event, and that transport is the consequence of thehanical break junctidi showed that the conductance ver-
incident current flux. Based on the counting arguments of thgus stretch,s curve, G(s) passes through a plateau just
transmissionsT, and reflectionsR, he derived his famous pefore the break witls~ 2e2/h (for Al wire) or G~4e?/h
formula for the conductances=(2e*/h)(T/R). AIMost (for Pt wire). While G increases slightly witls for Al and Pt
three decades ago Shaﬁnpomted out the resistance of a \yires it becomes rather flat for the Cu wire. The above be-
ballistic channelor point contagtand developed a formal- 1o ofG(s) are related with the point contact formed by

ism in the semiclassical regime. Nowadays, almost defect‘,;m atom either at the apex of the tip or between two metal

free electronic devices have been fabricated, which have di; 1.0 4es of the break junction, and point to the conduc-
mensions, in one or more directions, on the quantum scal

The two-terminal conductance of such a quasi-one?ance thro_ugh a single atom. Different aspects of this issue

. . :9_13 .
dimensional devicgor constriction fabricated from the high were considered in a numbgr of previous studies: _In t_h|s
mobility GaAs-Al, ,Ga,As heterojunctioh® (which has work, we show that the site and structure of binding are

width w in the range of Fermi wavelength., and length crucial for the conductance through a single atom between

| smaller than the electron mean free patrere found to WO metal electrodes. _ _
change withw approximately in steps ofé&/h. This obser- We performed ab initio self-consistent-field (SCH
vation has been interpreted as the quantization of ballisti@Seudopotential calculations within the local density ap-
conductance. It becomes clear from subsequent sfudies Proximation using Wigner exchange-correlation potential.
that the motion of electron in the constriction is transversallyThe junction consisting of an atom which is attached to the
quantized if ~\¢, and then its level spacings become in theSurfaces of two metal electrodes is represented by two
range of a few Kelvin, ifw is in the range of\r. An  Al(00]) slabs connected by a single Al atom. This structure
n-fold degenerate current-carrying state becomes conductirlg treated by a repeating cell that contains 55 Al atoms. The
and henceG increases by €n/h whenever its energy coin- Wave function is expressed by2500 plane waves, which
cides withEg; this situation is denoted as the opening of ancorresponds to the kinetic energy cuttif+ G|><6 Ry. At
n-fold channel. The variation o6 with w displays sharp equilibrium (or at zero tensile stresgondition the lowest
steps of integer multiples ofe?/h, and flat plateaus form total energyEy is attained when a single Al is attached to the
between two consecutive steps provided that the potential ithallow) H sites of both slab surfaces with the bond distance
the constriction is uniform, temperature and bias voltage aref d~2.1 A. This corresponds to the separation of two
low, and tunneling contribution is negligible. Otherwise, Al(001) slabs¢=£.=2d. As ¢ is increasing(or electrodes
conduction channels mix significantly, the opening of chan-are pulled apajt the binding energyand hence the magni-
nels are delayed, sharp step structure is smeared out and stede ofE+) is lowered, and eventually theop) T site, which
heights are lowered. is only a local minimum in the Born-Oppenheimer surface,
The atomic-size point contact was produced first by thebecomes favoretf: When the separation between electrodes
scanning tunneling microscof8TM): By displacing the tip  reaches a critical valuetE &), single atom stays attached
towards the sample surface, the conductance were measurgbsorbeflonly to one of the electrode surfaces, so the junc-
in a wide range covering tunneling and ballistic regiffies. tion is broken. In a separate study, we also performed the
The experimental |o@ versus tip displacement either exhib- simulation of Cu nanowires under tensile stress by using the
its a linear variation and then saturation at the first plateaunolecular dynamics method with embedded atom
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potential’® and examined the modifications of atomic struc-

tures. In the course of pulling, the nanowire elongates in L. .
consecutive quasielasticontinuou$ and yielding(discon- 40 L. 0T .. ]
tinuoug stages. In the yielding stage, a new layer with a 2o | * e . S0 1
relatively smaller cross section is formed and hence the num- & / _ .
ber of atoms at the neck is reduced discontinuously when the & g0 bo;eqemectm S mm ]
stretchs attains certain values. Concomitantly, the tensile & .
force decreases suddenly. While the atoms in the neck region § 20T . e 1
keep theH site registry during the quasielastic stage, short w [ / L i
atomic chairs) or a single atom neck forms shortly before A a
the break as a result of transition from tHesite registry to 60f o o ° ° H .
. A 6 3 K ) e ol reas &9
the T-site registry'® As we show later in this paper this
transition has important implications. The metal electrodes 0.0 wa
have quasicontinuous electronic energy staigswhich are k,

filled up to Eg, whereas the single atom at the neck has
discrete energy states . Some of thee,’s are occupied, the FIG. 1. Energy band structure of the infinite Al chain calculated
rest lie aboveEg . Current-carrying states can form betweenby the SCF pseudopotential method with the local density approxi-
two electrodegor reservoirs and open a channel if the in- mation. The lattice parameteris optimized at 2.4 A. Ther _and
coming electron from one electrodwith finite longitudinal doubly degenerate bands are shown. The zero of energy is set to
wave vectork,, and energye,~Eg can be matched to an Er shown by dash-dotted line.
empty outgoing state of the other electrode through the dis-
crete states of a single atothe,~E . If ¢,<e,, €, Sets an  distortion. This shows that the value 6f is determined by
effective barrier for transporip.s=e,— €, S0 that the in- the bond formation, as well as by the valence electronic
coming electron can tunnel only. The transition from thestructure of constituent atoms.
tunneling to the ballistic transport occurs, however, when Having discussed the conductance of perfect metal chains,
€, becomes aligned witlr and hencep.y collapses as a we consider now the junction of a single Al atom between
result of deformation. The saturation @(s) at the first two AI(001) slabs which is relevant for the experiméfit.
plateau in Ref. 8 was explained by this process, which tookrhe conductance through a single Al atom was calculated
place before the first mechanical instabifitlereG may be  earlier by using different methods. The theoretical value cal-
smaller than 2/h because of saddle point effect and back-culated for the Al atom adsorbed between two jellium elec-
scattering. An alternative understanding of the transportrodes at equilibrium distancé,and that calculated for the
through the above neck can be provided by the theory o€ontact of the Al tip on the AlL11) surface by using a po-
Kalmeyer and Laughlin®"*8 According to the Newns and tential that is parameterized from SCF restiitsame out
Anderson theory® the statee, of the single atom that is larger than 2%/h. The corresponding value measured by the
absorbed on the metal surface is broadened and becomesnchanical break junctidfiis in the range of %/h just
resonance with a Lorentzian distributiop,(€)=(T"/ before the break. The discrepancy between the theoretical
m)[(e—e,—A)?>—T2]71. It is centered at=¢,+A with and experimental values and also the observed positive
full width at half maximuml'. If €, of the incoming state is slopé® of G(s) curve(i.e., G increasing with the stretgtare
aligned with the center of resonance, the conductance camportant issues. These issues, as well as the question of
attain the quantum valuee?/h (excluding effects that delay whether the conductance through a single atom depends on
the channel opening Otherwise(i.e., if e,+I'>¢) G is the binding configuration will be resolved in the following
reduced byp.(e)/ples+A]. It is clear from earlier analysis. To this end, we calculate the local density of states
works*1%13 and from this discussion that the conductanceof the junction at the single Alp,(€) for different binding
G through the single atom depends on the electronic strucstructure of Al atom(i.e., different¢ and different binding
ture of electrodes, as well as discrete energy states of thstates.
neck atom connecting two electrodes. Our results forp,(€) obtained from SCF pseudopotential
We now investigate the effect of the binding structure ofcalculations described at the beginning are illustrated in Fig.
the single atom with the metal electrodes. To understand thi&. The junction consisting of 55 Al atoms is schematically
phenomenon, we first calculate the electronic energy struadescribed by the inset. For the H-site binding(e) de-
ture of an infinite chain of Al atoms with optimized inter- creases with the stretch For example, when the distance
atomic distance. The band structure is illustrated in Fig. 1. between the single Al and slab surfate &£/2 is stretched by
The lowest bandor o band is made from the combination 30% the local density of states of the single Al atom at
of s+p, orbitals located belowEr. Normally, this band E, p,(Eg) is reduced by 42%. According to the theory of
does not contribute to the transport. The second lfandr  Kalmeyer and Laughlif! this implies a significant decrease
band is a doubly degenerate band; it originates from theof conductance upon stretch. Note that the neck is reduced
linear combination of B, and 3, orbitals of Al atoms and from a few atoms to a single atom after the junction under-
crosses the Fermi level at/4a. The Al chain undergoes a goes the last yielding stad®.According to the results of
small Pierels distortion, and its ballistic conductancemolecular dynamics simulations, the neck is already strongly
G=4e?/h when the chain is perfect. On the other hand, thestretched under a significant tensile stress in the last elastic
conductance of infinite and perfect chain of Na is onlystage before the break. Consequently, the distance of the
2e?/h (half the conductance of Al chainprior to the Pierels single Al atom from the surfaces of electrodess larger
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FIG. 2. The local density of statékDOS or p,(E)] at a single
Al atom. The junction shown by the inset consists of an Al atom
adsorbed to the AD0J) slabs. TheH-site configurations, b, c, d,
ande correspond tal=¢/2= 2.1 A (equilibrium distanck 2.25 A,
2.38 A, 2.65 A, and 2.75 A, respectively. The cufivés the LDOS
of Al bound to theT site withd= 2.75 A.

than the equilibrium value. Electronic structure calculations
of the junction for theT-site and stretcheH -site registry for
d=2.75 A show dramatic changes relative to the infinite o

chain. The energy levels of the junction shift also by stretch, y 4 [A]

and/or by transforming from one registry to another. For ex-

ample, the doubly degenerate band of the infinite chain,

which is responsible from the conductance @/, be- FIG. 3. The charge density contour plots of #heand 7 states
comes a doubly degenerate state in the junction below thef the junction, which consists of a single Al atom bound to two
Fermi level. In the stretcheld -site registry, this state is rela- Al(001) surfaces at th@ site withd=2.75 A. The positions of Al
tively closer toEg, but its charge is transferred to the metal atoms are indicated by stars. The maximum charge density
surfaces. This explains how the high(Eg) on the single Al and contour spacing for ther state @ state are 1.15
bound to theH sites of the AI001) surfaces decreases with <107 electrons/® and 1.0%107° electrons/R (4.15<107°

the stretch, whereas tleband of the infinite Al chain thatis electrons/& and 3.8<10" * electrons/&), respectively.

totally belowEr changes into a singlet slightly abo® in

the junction. This state becomes responsible for the conduc-

tion. In theT-site registry, this state is closer g than that In conclusion, we showed that the conductance through a
in the H-site registry. In Fig. 3, we show the calculated single atom neck formed between two metal surfaces de-
charge density contour plots of the and 7 states at the pends on the electronic structure of metal electrodes and

T-site registry. . _ . single atom as well as the detailed binding structure with
In view of the above discussion and results illustrated ing|ectrodes.

Fig. 2, the neck atom with -site registry may have reduced

G in the mechanical break junction since jig(Eg) is de-

creased as a result of stretch. Sipg¢Eg) for d=2.75 Ais H.M. and S.C. thank the Computer Center of Middle East
larger at theT-site registry than at thél-site registry, we Technical University for the time provided in the parallel
expect a slight increase @ as a result of this structural computer facility. A.B. thanks TBITAK and IBM Corpo-
transition induced by the tensile stress. This provides an exation for their support, providing his visit to IBM-SP Brief-
planation as to whyG(s) of the Al neck increases with ing Center at Almaden Research Laboratory in San Jose,
stretch at the last plateau. California.
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