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Negative differential resistance at atomic contacts
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Negative differential resistance is found for a pair of electrodes each consisting of a single Al atom coupled
to a flat metal surface, where the Al atom is separated from the surface by a “spacer{Bafoffhis behavior
is seen when the Al atoms are at a short distance from one another, and disappears when the distance is
decreased to the point at which the Al atoms are in conf&€t163-18207)09016-4

Negative differential resistance in tunnel diodes was deWe will consider two values fod, the distance between the
scribed long ago by Esaki® and more recently, in the con- centers of the Al atoms: one equal to twice the covalent
text of tunneling, has been commonly observed in quantumradius of Al, thus corresponding to contdst4 bohrg, and
well structureé. It was found in a calculation by LaRgo  another several bohrs largés.6 bohrs. (1 bohr=0.529 A)
occur on an atomic scale in scanning tunneling microscopyAll calculations are done fully self-consistently, with
and was observed experimentally on this scale by Lyo anélectron-electron interactions included, using the density-
Avouri® and by Bedrossian, Chen, Mortensen, andfunctional treatment described in Ref. 11. The electrodes are
Golovchenkd. We will see in the present paper how nega-represented as in Ref. 11 using the uniform-backgrdjeid
tive differential resistance develops at a pair of atom-sizedium) model? the cores of the atoms are represented using a
contacts that has the appropriate density-of-states structure pseudopotentiaf*
the contacts are moved slightly apart. For purposes of discussion, we first show in Fig. 2 the

The discussion on negative differential resistance at theensity of eigenstates associated with the presence of a
atomic scale by Avouris and co-work&gsoints out thatjust  single Al-Br pair on one electrod&We can think of chang-
as in other tunneling contejtsvhenever the two electrodes ing the bias in the full system shown in Fig. 1 as sweeping
have relatively narrow density-of-states features of the aptwo such densities of statéene associated with each elec-
propriate energywhich sweep past each other as the bias igrode past each other. Since there is a sharp Al-derived peak
changedl it is possible for this effect to be present. Suchvery close to the Fermi levétorresponding to B orbitals),
narrow features can in general be obtained in the vicinity ofve expect as discussed above the possibility of negative dif-
the Fermi level by having a metal atom that is weaklyferential resistance behavior.
coupled to the remainder of the electrédeThis can be The currentl at a given bias for the system pictured in
accomplished most simply when the electrode is metallic byFig. 1 is obtained as discussed in Ref. 11, wittefined as
having adsorbed on it a “spacer” atofor atomg, i.e., one the additional current that flows due to the presence of the
with no states in the vicinity of the Fermi level, on top of atoms.(Note that the current per unit area in the absence of
which is a metal atom. Since metal-atom valence states will
in general be at the Fermi level, the fact that the “spacer”
atom has no states in this energy region means that the
metal-atom valence resonance will be narrow.

To perform a calculation for a specific case, we take Al as
the metal atom and a single halog@r) as the spacer. The
configuration we consider is that shown in Fig. 1. A Br atom
is adsorbed on each of the two flat semi-infinite metal sur-
faces at its estimated equilibrium distah@nd the Al-Br
bond length is taken equal to the sum of the covalent rddii.
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d FIG. 2. Density of eigenstates associated with the presence of a
single Al-Br dimer on one electrodsee Ref. 15 The upper three
peaks correspond to Al orbitals, the lowest to Br orbitals. The Al

FIG. 1. Schematic diagram of the two-electrode system dispeaks at—4, +0.3, and+2 eV correspond, respectively, tcs,3
cussed in the text. 3pyy, and J, states.
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FIG. 4. Current-voltage curve fai=5.4 bohrs(corresponding

FIG. 3. Current-voltage curve fat=8.6 bohrs.
to contact between the two Al atoims

the atoms is negligible because of the relatively large dishappensthere is only a slight concavity near 1.2 V, a small
tance between the electrodeEhis current is shown in Fig. 3 femnant of the minimum seen at this voltage in Fig. 3
for the larger of the two spacingkconsidered; the plot does | would like to thank M. J. Kelly for raising the question
indeed show negative differential resistance behavior. Inof negative differential resistance in the context of atomic
creasing the spacingl yet further should yield similar wires. | am grateful also to R. Landauer and Ph. Avouris for
curves, but with a reduced curref@oser to the experimen- their comments on the manuscript. This research was spon-
tally accessible rangg®'’ sored in part by the Phillips Laboratory, Air Force Materiel
We now consider the case whetés reduced to twice the Command, USAF, under cooperative agreement number
covalent radius of Ali.e., contact It is no longer possible to F29601-93-2-0001. The views and conclusions contained in
speak of sweeping past each other two narrow density-otthis document are those of the author and should not be
states structures, one of which is clearly associated with eadhterpreted as necessarily representing the official policies or
electrode, and we thus expect the negative differential resiendorsements, either expressed or implied, of Phillips Labo-
tance effect to disappear. This is, as seen in Fig. 4, just whaatory or the U.S. Government.
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transverse directions and y=9 for the surface-normal direc- the density of states shown is essentially that which would be
tion (see Ref. 11l and the calculation is done in a rectangular  obtained if the bare electrode were absent entirely.
box of width 12 bohrs in the transverse directions and 26 bohrs®|t is difficult for computational reasons to do calculations at these
plus the excess df over its value at contact, along the surface  very large distances, howeverfOf course a tunneling-

. normal. Hamiltonian formalism could be used.
The eigenstate density shown in Fig. 2 is the zero-bias density of7\wjth respect to the question of heat dissipation at larger currents,
eigenstates for the system consisting of the two electrodes with e note that this dissipation should occur primarily in the elec-

an Al-Br dimer attached to just one of them, minus the state  roges, and not at the atomic contd@ee S. DattaElectronic
density for the electrodes without the atoms. The eigenstates Transport in Mesoscopic Systeif@ambridge University Press,

;eferredfto h(_are Trfe thoslg of EP; sw;gle-p:rtlcle e.qua.tlonskof the Cambridge, 1995 pp. 69—72] A piece of evidence that this is

ensity-functional formalism. The e ectr.o. © spacing IS taken to 3, yaad the case is provided by a recent experiment in which a
be 22 bohrgmeasured between the positive-background edges .

N . . . 2-uA current was passed through a single Mn adatom on a
which is the larger of the two distances used in the calculations . . . .

. . . L Cu(100 surface by a contacting scanning-tunneling-microscope
with Al-Br dimers present on both electrodes. Since in this com- i ith th N . table f | mini@sM
putation, the surface of the electrode without the dimer will be IP’IWI . € curren rem_ammg stable for several min@sM.
quite far from the dimer that is present on the other electrode, Eigler (private communicatior



