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Anomalous Dependence of Resistance on Length in Atomic Wires
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The resistance of an atomic Na wire between two macroscopic metallic electrodes is found to decrease
by a factor of 2 going from the 1- to the 2-atom wire, and then to stay roughly the same for the 2-, 3-,
and 4-atom wires. The initial decrease in resistance is related to the phenomenon of incomplete valence
resonances for an atom interacting with a continuum of states. Such resonances lead to what might be
called incomplete conduction channels. [S0031-9007(97)03863-5]

PACS numbers: 73.40.Jn, 73.40.Cg, 73.40.Gk, 85.65.+h

We discuss in this Letter the zero-temperature resisand the method of obtaining the current (and hence the
tance of wires consisting of a chain of between one andonductance) due to the presence of the wire are the same
four Na atoms connecting two macroscopic metal elecas described in Ref. [3]. There the resistaRcis defined
trodes. Now in general, the resistance of a wire increasess the reciprocal of the additional conductance due to the
with its length, either linearly, or faster under certainpresence of the wire.
circumstances (including strong localization [1], and far- The results forR at low bias are given graphically
off-resonance conduction in short atomic wires [2]). Inin Fig. 2 [13]. In view of the properties of the ideal
the case of on-resonance conduction (such as occurs fone-dimensional conductance channel [4], the fact that
most metal atoms) in short atomic wires connecting twahe R values for the 2-, 3-, and 4-atom wires are all
macroscopic electrodes, the resistance is usually relativelimilar, and not dramatically different from the ideal value
constant with length [3], since these wires form anof 12.9 k), is not surprising. The less expected result
approximation to the situation of ballistic conduction (pointed out earlier in Refs. [14] and [15]) is that the
through a narrow channel linking two reservoirs, as envi-l-atom R value is so much larger than the ideal value
sioned by Imry and Landauer [4]. In the circumstance in[16]. It should also be mentioned in this connection that
which this ideal channel is narrow enough to be considR for a 1-atom Al wire is, by contrast, not so different
ered one-dimensional, the resistance is in fadt/e’> = from that for the 2- and 3-atom Al wire [3], so this is an
12.9 kQ, independent of channel length [5]. What hap-additional point to be understood.
pens, by contrast, for the Na wires studied here and rep- To further our discussion, we recall once again (as
resented schematically in Fig. 1, is that the resistancen Refs. [3] and [15]) the analysis of Kalmeyer and
decreasewith length (by nearly a factor of 2) in going Laughlin [17], who consider a very wide square barrier
from the 1-atom wire to the 2-atom wire, and then staysetween two semi-infinite regions of constant potential
relatively constant after that [6]. (corresponding to our electrodes). Within this barrier is a

Now there have been a number of experiments [7] usingpherical well which by itself would support one discrete
either the scanning tunneling microscope (STM) or a mestate. In the presence of the semi-infinite regions, this
chanically controllable break-junction to draw a nanowirediscrete state broadens into a resonance. For the energy
between two electrodes, in which the resistance of that the center of the resonance, and for the well midway in
wire is measured as a function of the separation betweethe barrier, it is shown that the conductance of the barrier
the electrodes. It has recently been seen by Barnett arig, taking spin degeneracy into account/n7/% (whose
Landman [8] in a molecular dynamics simulation, how-reciprocal is12.9 k}). The well resonance thus gives
ever, that such drawn wires can have a rather complerise, at the peak energy, to the same conductance as a
structure, and exhibit a complicated series of structural
changes as a function of electrode separation (with sub- N
stantial effects on the conductance), and so the results of %
these experiments cannot be immediately related to the
calculations discussed here for a simple line of several \
atoms [9]. More relevant would be STM experiments
such as those of Yazdast al. [2], in which the resis-
tance of a well-defined 1- or 2-atom wire was measured.

We will represent the metal electrodes using the \
uniform-background (jellium) model [10,11]; the Na

atomic cores are represented using a pseudopotentigl. 1. Schematic diagram of (Na) atomic wire connecting
[12]. The self-consistent, density-functional calculationtwo semi-infinite metallic electrodes.
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35 resonance for an atom interacting with a continuum of
states can be “incomplete,” in that it need not contain
20 a full complement of electrons—e.g., a filled resonant
p state well below the Fermi level can have less than
six electrons. The missing weight from an incomplete
2 resonance, as he notes, is redistributed over a wide range
g of energies. The phase shift at the peak of the resonance
= 2 will then in general be less than/2, and the conductance

for a configuration such as ours will be less than the
guantum unit of conductance even when the resonance
15 . peak is right at the Fermi level.
———————————————————— The density of states shown as the solid curve in
Fig. 3 can be decomposed into contributions that can
be very roughly identified with the, p, (along the
NUMBER OF ATOMS surface normal), ang,, (transverse) states of the free
FIG. 2. Resistance® for the Na wire shown schematically Na atom as discussed in Ref. [21], by projecting the wave
in Fig. 1, as a function of the number of atoms in thefunctions on the various spherical harmonits,. This
e kBaShEd line is drawn at the ideal valuebf= m/i/e*  gecomposition is also shown in Fig. 3. We do not exhibit
(12. ): the [ = 2 components, which are necessary to make the
components given add up to the total for & (solid
one-dimensional ideal channel linking two reservoirsCurve).
[4,18]. In our case, for the 1-atom wire, it is the Na Now because_ Qf the fac_t that the v.alence resonances
valence resonance that corresponds to the well resonanBgcome less distinct at higher energies (and since the
in this model. This valence resonance is seen in Fig. §igh-energy tail of the resonance is irrelevant to the phase
(solid curve), which gives the additional density of statesshift at the Fermi level, which determines the low-bias
[19] due to the presence of the Na atom. Since the Fernfiohductance), we will discuss only tHewer segment
level does not cut the resonance very far off peak, iCf each resonance. We define this as the part of the
is at first sight unexpected tha& for the 1-atom wire resonance lying at energies below that corresponding
is so much larger than the ideal value. However, thdO the resonance peak. We also use the phtaser
thick-barrier condition implicitly used by Kalmeyer and Segment weighto mean the area under this part of the
Laughlin does not hold for the Na atom in direct contactcurve in a density-of-states plot such as Fig. 3. If the
with the two electrodes. It was argued in general terms ii€Sonance corresponded to an atomic state with negligible
Ref. [15] why this would lead to an increased resistancehybridization, it would, e.g., have a lower segment weight
but here we consider the question more specifically. ~ 0f 1 for an atomics or p. state » = 0) and 2 for the
The reason why for the 1-atom Na wire is particu- degenerate,, state (m| = 1); we will refer to these as
larly large appears to lie in the degree to which thetheidealvalues.
atom’s valence states maintain their integrity when the Most of the weight of the(l = 0,m = 0) and (I =

barrier is thin. As pointed out by Pendry [20], a valencel. = 0) components (labeled ass and ~p:) shown
in Fig. 3, has clearly been redistributed to other energies:

the lower segment weight of thes curve shown is only
0.2 states instead of the ideal value of 1, and the,
curve hardly shows a trace of a resonant peak [22]. Even
the (I = 1,|m| = 1) resonance (labeled p,,), which is
somewhat more distinct, has a lower segment weight of
only 0.4 states, instead of the ideal value of 2.

Even though several distinct channels make some con-
tribution to the conductance of the 1-atom Na wire, the
resonances associated with each of the channels are so in-
complete that the sum of the contributions is still much
less thane®/wh, as seen from the fact that the actual
calculatedR value is33 k() (corresponding to a conduc-
ENERGY (eV) tance of 40% ok?/7 k). For Na wires with two or more

. ) atoms, we note that the end atoms are only in contact with
FIG. 3. Additional state density due to the presence of a_ _. | infinite electrod d { the oth
single Na atom between two semi-infinite electrodes (solid‘sl single semi-infinite electrode (and one atom on the other

Curve) [11,19] The broken curves give three of the Compo.Side), rather than two semi-infinite eleCtrOdeS, and so the
nents of this state density, as described in the text. incompleteness of the resonances can be expected to be
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0.60 1 Na in Fig. 4 shows only a small change in the degree of
050 i completeness of the-p,, resonance in going from the
= 1- to the 2-atom Al wire.
2 040 4 We have thus presented the particular case of an Na
= atomic wire, whose resistance decreases initially with wire
% 0.30 ] length. This was seen to arise from the presence in the
; 0.20 | 1-atom wire of incomplete conduction channels that were
= a consequence of the substantial incompleteness of the
“ 010 . valence resonances of the atom, which is strongly coupled
to two macroscopic electrodes. This was contrasted with
S — the more expected behavior of Al wires.
ENERGY (eV) | am delighted to thank R. Landauer and D. M. Newns

FIG. 4. The ~s component (taken about one atom) of the for their comments on the manuscript.
additional state density [19] due to the presence of a 1-atom
(dashed curve) or a 2-atom (solid curve) Na wire between two
semi-infinite electrodes.
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