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Quantum interference in atomic-sized point contacts
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The conductance of atomic-sized metallic point contacts is shown to be strongly voltage dependent due to
quantum interference with impurities even in samples with low impurity concentrations. Transmission through
these small contacts depends not only on the local atomic structure at the contact but also on the distribution
of impurities or defects within a coherence length of the contact. In contrast with other mesoscopic systems we
show that transport through atomic contacts is coherent even at room temperature. The use of a scanning
tunneling microscope~STM! makes it possible to fabricate one atom contacts of gold whose transmission can
be controlled by manipulation of the contact allowing inelastic spectroscopy in such small contacts.
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The conductance of atomic-sized contacts has been ex
sively studied in relation with the question of conductan
quantization. Experimentally, the contacts are fabrica
stretching a metallic contact using a scanning tunne
microscope1 ~STM! or a mechanically controlled break junc
tion ~MCBJ!.2 Theoretically, the point contact has been mo
eled as a constriction for free electrons,3,4 or a tight-binding
model using different atomic arrangements.5,6

Electronic transport in these nanoscopic size structure
coherent, and the conductance at zero bias voltage is g
by the Landauer formula7

G5G0(
n51

N

Tn , ~1!

whereG052e2/h is the conductance quantum (e is the elec-
tron’s charge andh is Planck’s constant!, N is the number of
channels in the contact, andTn is the transmission probabil
ity of the nth channel. It has been recently shown that
number of channels in a one-atom contact depends on
chemical nature of the element.8 Simple metals with a 1s
electronic structure~Na, Au! have only one channel, while
atoms with more complex electronic structures~Al, Pb, Nb!
have several channels. The transmissions of these cha
vary from zero to one and are affected by the atomic c
figuration of the atoms at the contact and the state of stra9

In the case of Au, the conductance of a one-atom conta
always very close toG0 indicating that its single channel is
typically, almost completely open. The inset of Fig. 1 sho
the typical behavior observed when breaking a gold cont
The abrupt changes and plateaus in the conductance c
spond to atomic rearrangements and elastic deforma
respectively.10 The last contact before breaking is likely to b
a one-atom contact1 and in the case of Au it will consist of a
single conductance channel.8

The presence of defects or impurities or wall roughnes
the constriction has been shown to cause a decrease i
conductance,4,5 however, not much attention has been paid
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the variation of conductance with voltage. In the calculatio
most of the times conductance is computed at zero bias v
age, while in the experiments the conductance is typica
extracted from the measured current at a fixed low bias v
age~of the order of millivolts!. However, as shown in Fig. 1
the conductance of these small contacts is always volt
dependent. This effect was first reported by Bas Ludo
et al.,11 they measured the voltage dependence of the c
ductance (]G/]V5]2I /]V2) statistically averaging over a
large number of contacts, and showed that its amplitud
suppressed for conductances nearG0. Here we have studied
how can we understand the conductance oscillation pat
for each contact, which information can we obtain from

FIG. 1. Conductance vs voltage for different one-atom conta
~a! two different one-atom contacts at 4.2 K;~b! three different
one-atom contacts at 4.2 K, 77 K and 300 K~the two first are
displaced vertically 0.18 and 0.09 units, respectively, for clarit!.
Inset in ~a!: the current at fixed voltage during rupture.
9962 ©2000 The American Physical Society
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and how can it be modified. In order to obtain this inform
tion we have measured the differential conductance a
function of voltage. Using a stable low temperature ST
The samples were high purity Au~99.99% pure!, and the
experiments where performed at 4.2 K. The differential c
ductance was measured using a lock-in amplifier, with
modulation of the order of 1 mV and at a frequency of
kHz, the typical acquisition time is of several seconds. F
ure 1 shows the differential conductance vs voltage of
ferent one-atom gold point-contacts at different tempe
tures. The conductance is typically asymmetric and pres
a complex pattern of oscillations which is stable and rep
ducible for a given contact but varies greatly for differe
contact realizations.

The conductance oscillations shown in Fig. 1 are due
quantum interference: the electron wave transmitted thro
the contact is backscattered to the contact by impurities
defects in the bulk and then partially reflected at the cont
this wave interferes with the directly transmitted wave a
modifies the total conductance.11 For a constriction with a
single transmitted channel, we can easily estimate the am
tude of the interfering wave. Let us assume that there is
impurity of cross sections located at distanced from the
constriction, the amplitude reflected into the originally tran
mitted channel is then;A3stcr c /kd2, wheretc and r c are
the transmission and reflection coefficients of the const
tion, respectively, andk is the electron wave number. Th
total transmission is given by

T'Tc@112ARcR1 cos~2kd1f1!#, ~2!

wheref1 depends on the details of the scattering proce
r 1;a/d2k, Rc5r cr c* , Tc5tctc* , andR15r 1r 1* . That is for
each mode the impurity acts like a transparent barrier wit
small reflection coefficientR1;3s/d4k2. The interference
term causes the transmission to oscillate as the wave num
of the injected electron varies, with a periodeDV given ap-
proximately by ;(2p/k)EF /d, and an amplitude propor
tional to 1/d2. The current per transmitted mode at zero te
perature is given by

I 5
2e

h E
2eV/2

eV/2

T~E,V!dE, ~3!

whereT depends on the energyE and voltage dropV through
the wave numbers on each side of the contact,kR

2

52m/\2(EF1E2eV/2), kL
252m/\2(EF1E1eV/2). The

conductance can be approximated byG' 1
2 @T(eV/2,V)1T

(2eV/2,V)#. Thus for each voltage the conductance depe
on the interference ofhot electrons with energyeV/2 above
the Fermi level on one side andhot holes with energyeV/2
below the Fermi level on the other side.

Quantum interference effects have been extensively s
ied in various mesoscopic systems where they show as m
netoconductance fluctuations. In samples with diffuse e
tron transport~elastic mean free pathl e much smaller than
sample size!, they are called universal conductance fluctu
tions ~UCF! and have the property that at zero temperat
their rms. amplitude is of the order ofe2/h, independent of
-
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sample size and degree of disorder.12 The conductance fluc
tuations as a function of voltage~for voltages up to 2 mV!
have been examined in a diffusive conductor by insertin
tunnel junction.13 They have also been observed in ballis
metallic point contacts~of dimensions much larger tha
atomic size!.14 Both point contact and tunnel junction serv
as injectors of electrons in a specific energy range and e
trons with energies different to the Fermi energy can be st
ied. Very recently, it has been shown by studying statistica
many contacts of Au that in one-atom contacts there i
marked suppression of the interference oscillations when
conductance of the contact is an integer number ofG0.11

Experimentally, it is observed that slight modifications
the constriction induced by moving the tip a small distan
~of the order of 1 Å! can have a dramatic effect on the inte
ference pattern of the conductance, while the overall valu
the conductance remains almost constant~see Fig. 2!. These
changes are clearly associated with atomic rearrangemen
the region of the constriction. Figure 3 illustrates how a ve
small displacement of a scattering center~defect or local dis-
order! very close to the constriction is sufficient to cause t
observed changes.

We can use this effect to have some control on the ato
arrangement at the contact. A one-atom contact can be
nipulated to have a transmissionTc very close to one~Fig.
4!. In this caseRc'0 and interference effects would be ve
small. Once the interference is minimized the decrease
conductance due to inelastic scattering by phonon emis
which is otherwise hidden by a larger amplitude interferen
pattern becomes visible~see Fig. 4!. The inset of Fig. 4

FIG. 2. Experimental changes in the conductance as conta
deformed elastically. Measured at 4.2 K.

FIG. 3. Calculated conductance for two transparent barri
Changes in the position of the barrier close to the contact can h
a large effect on the conductance. For the black curved154.3 Å ,
and for the gray curved154.1 Å . The rest of the parameters a
identical in both casesd25300 Å , Tc50.8, T150.76, R251024.
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shows the derivative of the conductance which is prop
tional to the phonon density of states.19 The volume probed
by the electrons must be of atomic dimensions.

These quantum interference effects are not restricte
high transmission constriction All these results are also v
for low transmission one-atom contacts,that is, in the tun-
neling regime, which is the conventional operation mode
the STM. In Fig. 5, we show several conductance cur
taken at the same location on the sample in the tunne
regime at different tip-to-sample distances~note the logarith-
mic scale!. The relative amplitude of the oscillations is ind
pendent of the transmission of the contact, as expected f
Eq. ~2! for contacts with low transmission. These effects c
be relevant for scanning tunneling spectroscopy.15 Interfer-
ence effects due to monoatomic steps16 or to adatoms placed
on a surface17 have been observed in STM experiments
low temperature.

The conductance of one-atom contacts in Fig. 1 osci
tions of several periods are clearly discernible indicat
contributions of many scattering events. In fact in any ev
in the case of very pure samples an electron will have
opportunity of seeing many impurities before losing its c
herence. Let us estimate the effect of taking into account
contribution to scattering due to many impurities the to
transmission can be written as

T'TcF112(
j

ARcRj cos~2kdj1f j !G , ~4!

wheredj is the distance from the contact to impurityj and
Rj;1/d4 as in Eq.~2!, and we have only taken into accou
single scattering processes for simplicity. For a sample w
impurity concentrationn, the number of impurities contrib
uting at any given distanced to the constriction will be pro-
portional tond2, and since all of these impurities contribu
to the interference amplitude with the same period but a r
dom phase, the total amplitude corresponding to distancd
will be proportional toAnd2. Taking into account that the
reflection coefficient of the impurities is;1/d2 we obtain a
1/d dependence for the amplitude at a given frequency
similar reasoning shows that multiple scattering events
also result in the same dependence. Figure 6 shows the
plitude of the components corresponding to different d
tance for different one-atom contacts, obtained from
maxim of the Fourier spectra~we have made for thex axes

FIG. 4. Experimental conductance. The inset shows the der
tive of the conductance were the peaks due to transversal (T) and
longitudinal (L) phonons in one-atom contact are seen.
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the transformationd5p/k from the theory above!. Contri-
butions of scattering paths of up to 1000 Å are observabl18

We can conclude that scattering is caused by a uniform
tribution of scattering centers.

In contrast to quantum interference in other mesosco
systems which typically manifests only at milikelvin tem
peratures, quantum interference in atomic-sized cont
shows even at room temperature, as shown in Fig. 1~b!. The
structure of the curves decreases with increasing tempera
reflecting the decrease in coherence length. From the dis
sion in the preceding paragraphs, interference effects
show if there are impurities within a coherence length of
contact, for Au at room temperature this length is 300
~coinciding with the mean free path since at this temperat
the main scattering mechanism is electron-phonon collisio!
which is larger than the mean distance between impuri
for our sample.

The contact plus the impurities within the coheren
length constitute a mesoscopic device, whose size decre
with increasing temperature. The transmissionTn of each
mode in the Landauer formula is voltage dependent and c
not be extracted from a measurement at a fixed bias~or zero!.
The total transmission of this mesoscopic device can be
ied by manipulation of the atomic arrangement at the c
tact. We have shown that, in the case of Au, this device
have a single conductance channel which can be almost c
pletely open. These quantum interference effects are im
tant in one-atom point-contacts and tunneling atomic ju

FIG. 5. Conductance oscillations in the tunneling regime. In
lower pannel is also shown the same curves with a low pass fi
Measured at 4.2 K.

FIG. 6. The frequency dependence of the amplitude for differ
experimental one-atom contacts shows a 1/d dependence. Measure
at 4.2 K.
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tions even at high temperature due to the nanoscopic siz
the contact. We have also demonstrated that phonon s
troscopy in atomic contacts is possible opening the poss
ity of studying inelastic processes in an atomic scale.
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