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Electronic transport properties of the Au nanostructure are investigated using both experimental and theo-
retical analysis. Experimentally, stable Au nanowires were created using a mechanically controllable break
junction in air,and simultaneousurrent-voltage I-V) and differential conductancél/sV data were mea-
sured. The atomic device scale structures are mechanically very stable up to bias Vgita®é V and have
a lifetime of a fewminutes Facilitated by a shape function data analysis technique which finger prints
electronic properties of the atomic device, our data show clearly differential conductance fluctuations with an
amplitude>1% at room temperature and a nonlinéar characteristics. To understand the transport features
of these atomic scale conductors, we carried aotinitio calculations on various Au atomic wires. The
theoretical results demonstrate that transport properties of these systems crucially depend on the electronic
properties of the scattering region, the leads, and most importantly the interaction of the scattering region with
the leads. For ideal, clean Au contacts, the theoretical results indicate allivebehavior for bias voltage
V,<0.5 V. When sulfur impurities exist at the contact junction, nonlined curves emerge due to a
tunneling barrier established in the presence of the S atom. The most striking observation is that even a single
S atom can cause a qualitative change of Ithé curve from linear to nonlinear. A quantitatively favorable
comparison between experimental data and theoretical results is obtained. We also report other results con-
cerning quantum transport through Au atomic contacts.
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[. INTRODUCTION efficients are evaluated. While different levels of approxima-
tions were employed in these theoretical analysis, density-
Electron transport through atomic nanocontacts has beefunctional theory base@b initio analysis have also been
an active research area for a decade both experimentally amelported®*553which provide self-consistent calculations of
theoretically. The scientific interest of these systems isitomic nanocontacts.
largely driven by their peculiar electronic and transport be- While zero-bias transport coefficients have received a
havior. Atomic nanocontacts are structures with low atomicgreat deal of attention, one must go beyond this limit to
coordination number and, as a result, can behave very diffetnderstand the full nonlinear current-voltage\() charac-
ently from their bulk counterpart. From a practical point of teristics of the nanocontacts, as this information is essential
view, understanding the electronic and structural propertiefor the understanding of real device operation. For example,
of the atomic nanocontacts is an important step towards narttue to the small cross section of these systems, they are
odevice fabrication and characterization. The first set of exexposed to substantial current densitd0® A/cm?, which
periments on nanocontacts focused on their zero-bias comay result in atomic rearrangement. It is also expected that
ductance (G) using scanning tunneling microscopy electron-electron€—e) interaction is enhanced due to the
(STM),}1" mechanically controllable break junctioffs?*  strong lateral confinement possibly leading to Luttinger-
and relay contactéRC's).?>%°In these experiments a narrow liquid behavior for thequasi-one-dimensionaltomic wires.
constriction with a few atoms at the cross section is formedSeparating these different effects is experimentally challeng-
As the electrodes are pulled apag,s measured and found ing due to the many variables that can affect the results. This
to change discontinuously forming plateaus with values closés probably the origin of the existing controversy in explain-
to NGy, wheren is an integer an@,=2e*h=1/12.KQ is  ing the experimentally observed nonlinda¥ curves of the
the conductance quanta. Pioneering experiniéfislearly  atomic scale wires*~>’From a theoretical point of view, this
showed the correlation between conductance jumps and més also a challenging problem: so far only two computation-
chanical properties in the nanocontacts. These results comally accurate techniques exist, which can treat systems with
firmed earlier predictiorfé that the conductance variations open boundariesout of equilibrium due to external
are due to abrupt changes of nanostructure cross section abias®*°®°° In the approach of Tayloet. al,*®% realistic
function of wire elongation. Extensive theoretical investiga-atomic leads can be treated and the problem is solved self-
tions on nanostructures have been published recently to aneensistently within the local-density approximation. There-
lyze these systems. One major focus of theory is to calculatiore, the leads, the devidscattering region and their cou-
the zero-bias conductance through a ballistic quantum poirptlings are incorporated without any preconditioned
contact. These calculations start by assuming variouparameters.
contact®3 geometries, or by using more realistic atomic  To further shed light on the physics of quantum transport
positions derived from molecular-dynamics simulations. Theat molecular scale, we report in this paper our investigation
potential of the constriction and/or interaction Hamiltonian ison transport properties of Au nanostructures both experimen-
then constructéd—>?from which the zero-bias transport co- tally and theoretically. Experimentally, we created stable Au
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(a)

FIG. 1. (a) Schematic of the
experimental setup with a me-
chanical controllable break junc-
tion (MCBJ) shown at the center
with Au wires attached.bb) Dc
conductancd/V (lower) and dif-
ferential conductancél/sV (up-
pen plotted vs V, inset shows the
-V curve. The dashed line, with
slope=2.2G,, corresponds to lin-
ear behavior and helps to recog-
nize nonlinearity. These experi-
mental results are measured over a
5-voltage sweep from positive
(dark to negative(gray) bias.
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nanowires using the mechanically controllable break juncvarying bias voltage was applig¢typically a 0.1 Hz triangle
tion technique in air, and we simultaneously measurd ffe  wave, 2/,,,) along with a small modulation voltageypi-
curve and the differential conductangl/ 5V. We found that  cally 40 kHz, 4x 10 3V,,,] across the contact and a load
our atomic scale Au nanocontacts are mechanically veryesistor of 3 K). Current!| and differential conductance
stable up to bias voltagé,~0.6 V and have a lifetime of a  51/5V were measured simultaneousijth an |-V preamp-
few minutes, which is adequate for our measurements. As Wifier and a lock-in amplifier. The experimental setup is
are interested in features due to electronic degrees of freghown in Fig. 1a). A typical measurement through a stable
dom of the nanocontacts, careful data analysis is needed bau nanocontact is presented in Figbl We show our data
cause transport data can be affected by many factors. Bir the differential conductance and the dc conductar@e (
defining theshape function S (451/6V)(V/1), which finger  =1/v). In the inset of Fig. (b), we also display a typicdlV
prints electronic properties of the atomic device, our dataneasurement. These data were taken over the course sf a 5-
clearly shows differential conductance fluctuations with anyoltage sweep from positivédark lines to negative(gray
amplitude >1% at room temperature and nonlinea¥ |ines) bias voltageV. Both polarities share a common overall
characteristics. To understand these transport features, W@ape, but seem to vary significantly in the details of their
carried outab initio calculations on various Au atomic wires conductance behavior. However, for each polarity, one no-
bonded with atomic Au electrodes using the first-principlestices that there seem to be similar details present in the dc
technique of Refs. 58 and 59. Our calculations show thagnd differential conductance.
pure and perfect Au nanocontacts do not give the nonlinear An important issue in order to understand these results is
|-V curves as measured in the experiments. However whethe separation of effects due to atomic rearrangement in the
sulfur impurities are present near the wire-electrode contagianostructure from electronic properties. We address this
region, the nonlinear-V curves emerge due to the tunneling problem by writing, very generally,
barrier provided by the impurity atoms. The most striking
observation is that even a single S atom can cause a qualita- L(X,V)=g(X)f(X,V), (1)
tive change of thd-V curve from linear to nonlinear. A
quantitatively favorable comparison between experimentajyhere the variabléX symbolizes the effects of atomic struc-
data and theory results is then obtained. Our theoretical irl'ure and all other nonvo|tage parameters inc|uding thermal
vestigation suggests that transport through Au atomic wiregyctuations. This parametét does not implicitly depend on
is strongly affected by the properties of the wire-electrodey, hut may be affected by the history of the measurement
contacts. (i.e., howV is ramped and current-driven electromigration.
The rest of the paper is organized as follows. In the fol-HenceX is not a proper function o¥. The functionf(X,V)
lowing section, experimental measurement and results argives the normalized functional form of the voltage depen-
presented. Section Ill presents the theoretical results whilgence of current, and is defined such that in the zero-bias
Sec. IV discusses the transmission coefficients in more demmit v—0, f(X,V)=V. Therefore the functiomg(X), de-

tail. We also discuss and compare previous works with ourgined by Eq.(1), becomes the conductance \&t>0. At a

in Sec. V, followed by a conclusion. finite V#0, g(X) is simply a coefficientto be discussed
below). We further define a new quantity called the “shape
Il. EXPERIMENTAL RESULTS function” (S),
Atomic scale gold contacts were formed with a mechani-
cally controllable break junction in air at room temperature. S= ﬂ ! @)
Once suitably stable atomic junctions were formed, a slowly oV I
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06 7/ guishes between a quantity being a functiovafnd a quan-
i | ] tity being merely voltage driven. For instance, the change in
/ temperature of the atomic contact, and tlgX), can de-
04 / E pend on thehistory of how we ramp up the bias voltage from
/[ zero to a finite valu®/ at which thel (X,V) is measured: one

| / | could increaseV/ so slowly that it does not destroy thermal
02 | | equilibrium, or the troublemaker could monitor the applied
dc voltage while turning the knob so that changeg(ix)
0 F 1 were correlated with/. Despite the fact that both of these
L L ,(b) voltage-drivenprocesses would be related Yoand lead to
0 010203 04 05 06 0 0102 03 04 05 06 repeatabléd (X,V) versusV curves, neither would be mistak-
enly attributed to a functional dependence/dby our analy-
sis. This is a pure mathematical consequence of the definition
of g(X) and the fact thaK is not a proper function o¥ for
these voltage-driven events, which depend on the process
history. Any functional dependence ov is included in
f(X,V) by definition.

Returning to the experimental results shown in Fi@),2
we note the overlap of the two curves 8ffor positive and
negative bias voltage®S. This points to a similar functional
form for both bias polarities. Because of this, we deduce that
for this casef(X,—V)=f(X,+V). However, the ramping
for positive and negative bias voltages is quite different, this

FIG. 2. (a) The shape functiofS, Eq. (2] vs V calculated from IS why f(X,V) should weakly depend oKX (especially at
the data shown in Fig.(b). (b) Normalized functional form of the bias voltageV,<0.47 V). We can therefore writé(X,V)
voltage fo(V) with a linear dashed line shown to help view the =fo(V)xexp(SVdV) and functiong(X)=1(X,V)/fy(V).
onset of nonlinearity(c) Unbiased conductancg(X) vs V. (d) Hence, as an experimental voltage sweep typically takes 5
Normalized conductancéf/ sV vsV, with the inset corresponding sec, time dependent atomic rearrangemécisnges inX)
to a magnified section of the same data to show more clearly fingnanifest themselves as stochastic variationg(€). Other
details. In all graphs, darfgray) lines correspond to positiv@ega-  details of this data analysis technique and further discussion
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tive) bias. on the shape function are not within the scope of this paper
and can be found elsewhéte.
Figure Za) plots Scorresponding to the data of Fighl, for The normalized functional form of the voltage depen-

both positive and negative bias voltages. The similarity bedence off (V) for the measured data is shown in FigbR
tween the curves of the shape functions for both polaritiesyVe note that the curves for both polarities appear on top of
including fine details, is in striking contrast to the easily each other and they are indistinguishable. However, as ex-
distinguishable conductance plots of Figb)l By its defini-  pected, the “troublemaker” in our Gedanken experiment
tion [Eq. (2)], S depends only orf, the functional form of shows up as fluctuations ig(X) shown in Fig. 2c), indi-
I(X,V), and is independent @f(X).®° This fact and the use- cated by the fluctuations and by the fact that positive and
fulness of the shape functio® can be seen by considering negative biases give different tracesggiX). We emphasize
the following “Gedanken experiment.” Let us assume thatthat during the course of our bias sweep from initial bias
we measured simultaneousland 51/ 6V through a variable, voltage to some bias vali¢=V, the atomic structure has
ohmic potentiometer as a function of the applied voltagebeen fluctuating and changed from what we started with to
Suppose there were drastic changes in the temperature durisgmething unknown. But if we could find the instantaneous
the measurement, and some troublemaker turned the knob sfructure at the moment of the measurement and freeze it to
the variable potentiometer without telling anyone. Both thesenake a new contact and remeasure thé curve, g(X)
uncontrollable parametefsandom thermal fluctuations and would be the conductance of the new contacvat0. In
unknown knob turningare contained in variablé. Glancing  other words, Fig. @) shows a parametric plot of whg(X)
at the measurements bfX,V) and §1/5V alone, one might would be atv—0 at the point in time when this voltage was
wrongly conclude that the potentiometer was exhibiting ameasured experimentally; hengéX) could also be viewed
nonlinear behavior. However, a plot &would show that as a function of time in this figure. Our analysis shows that
S(V)=1 [from Eg. (2)], which would allow us to deduce the fluctuations of(X) are less than 5% peak-peak over the
that thel -V curve was actually linear and thus in fact ohmic. course of the experiment. We attribute this to changes in the
One would also conclude that the origin of the apparentlyatomic configuration of the junction. We have also discov-
nonlinear behavior was due to a change in the funaiigf),  ered that the power spectrum gfX) exhibits a primarily
rather than due to a true nonlinearity in voltage. 1/f behavior. This is also found for measurements using volt-
Using this example, we would also like to stress a subtleage biases as low as 0.05 V. Further analysigyfX) in-
but important point: our shape function analysis distin-cluding its average value, the standard deviation, and spec-
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tral distribution at different values of [see Fig. 2c)] may  represents the behavior of one junction. However, we em-
provide useful information on the accuracy of the approxi-phasize that the general features presented in Fig. 2 are ex-
mation f(X,V)=fy(V). perimentally found to be independent of the zero-bias con-
In Fig. 2d) we plot thenormalizeddifferential conduc- ductanceg(V=0) for values between (1-1G),. The fine

tance,5f/ 8V. Examining the curves in Fig.(@), we can see details of5f/ 6V are reproducible for a given stable junction,
the same subtle fluctuations i#f/8V as those found irs  but the specific details change for different junctions. Al-
[Fig. 2(@]. Both plots show broad and fine details that arethough there seems to be a voltage scale associated with
uncorrelated to the fluctuations o(X) [Fig. 2c)]. These these detalls{:_lol mV), Fourier analysis does not |nd|ca_te
plots reveal that it is the fluctuations gfX) that dominate 2Ny strong periodicity. It should be noted that we have im-

the fluctuation features in the measuté,V) and 61/6V. p_osed a _select_ion rule on the junction type by studying d_e-
Over different voltage ranges  (0.2-0.35 V, vice configurations that are stable on the time scale of min-

0.1-0.35 V,0.1-0.5 V)5f/8V has a high correlatiéR of utes. We have also observed junctions that exhibit linear

o ) behavior §=1) as have others:***"These junctions, how-
0.99 between both polarities. After subtracting the OVera"ever, are not stable over this long time scale. In comparison

shapg, the correlations reduced to 0.64, 0.58, and 0.56, Ig5 hejr nonlinear counterparts, linear junctions have larger
spectively. Over these same ranggéX) had a weaker cor-  fctuations ing(X).
relation (—0.5,0.25, anet 0.2, respectively between both In the following we will discuss the possible physical ori-
polarities, which changed drastically, even fluctuating ingin of the observed(V) characteristics. In this aspect we
sign, depending on the voltage range. In addition to compafyil| investigate the electronic effects rather than the struc-
ing the correlation values, we have also calculated the corraural parameters, which will be assumed static. This will al-
lations by shifting the voltage of one polarity with respect tolow us to gain valuable insight into the voltage-dependent
the other by+10 mV (the scale of the fine detajlé incre-  conduction properties of nanoscale electrical contacts. We
ments of 1 mV. Over all three ranges, the correlation forwill thus compare our modeling to the normalized functional
o6f18V had a local maximum for a 0-V shift, with and with- form of the current,fy(V), shown in Fig. 2b), rather than
out the overall shape subtraction. No correlation extremdhe originall -V curve presented in the inset of Figbl We
were found in the case @f(X). This quantifies how similar will also provide an explanation for the origin of the fluctua-
the details in both polarities off/5V are to each other, in tions in the normalized differential conductance shown in
contrast to the more easily distinguishable curvesgiox).  Fig. 2(d) as well as the effects of temperature and modula-
We thus conclude that the “wiggles” observed &fi/ 5V are  tion signal on their amplitude.
electronic in nature and they are not as strongly influenced
by X as the _func_tiorg(X), i.e., f(X,V)="1qo(V) _is a reason- . AB INITIO ANALYSIS OF THE
able approximation for the system we considered. We cau- | -V CHARACTERISTICS
tion, however, that this may not be the case for other struc-
tures and a careful analysis of this approximation is required. To provide a possible theoretical understanding of the ex-
The wiggled magnified in the inset of Fig.(d)] of 5f/6V ~ perimental data presented above, we have calculateldthe
may actually be much more pronounced than indicated ircharacteristics of Au nanocontacts self consistently by com-
these plots. They are smeared out by unavoidable experimehining the density-functional theory and the Keldysh non-
tal constraints. Since we must add a modulation signal tequilibrium Green’s functions. The method is based on the
make our lock-in measurement 6f/ 5V, we end up averag- newly developedab initio approach for treating open elec-
ing over a range oW. This leads to a broadening and de- tronic systems under finite bias. For technical details of this
crease in amplitude of these fine det&ft&€ This unavoid- method we refer interested readers to the original pa3érs.
able averaging artifact keeps us from making a more precis¥ery briefly, our analysis uses asp,d real-space linear
measurement of the shape, amplitude, and voltage charact@embination of atomic orbital basis $&t>%°and the atomic
istics of this fine structure, but the true features should beores are defined by the standard nonlocal norm conserving
sharper and more pronounced than they are measured to Eseudopotentid®=®® The density matrix of the device is
From our data, we observe wiggles on the voltage scaleonstructed via Keldysh nonequilibrium Green’s functions,
<10 mV and with amplitude- 1% of the signal. The width and the external biag,, provides the electrostatic boundary
of these fluctuations is comparable to the modulation volt-conditions for the Hartree potential, which is solved in a
age, (4<10 %)V, o~ (10X 10*3)Vp,p; hence, it is pos- three-dimensional real-space grid. Once the density matrix is
sible to have features on a voltage scalé0 mV with an  obtained, the Kohn-Sham effective potent¥h(r;Vy),
amplitude that is orders of magnitude larger than these 1%vhich includes contributions from the Hartree, exchange,
fluctuations. correlation, potentials and the atomic core, is calculated. This
If one were to merely examine olifV) measurements, process is iterated until numerical convergence of the self-
similar results have been observed in air and at lowconsistent density matrix is achieved. In this way, we obtain
temperatures with RC(Refs. 25 and 56 and STM the bias dependent self-consistent effective potential
configurations’®* The fine details exposed by the analysisVei(r;Vy), from which we calcula®>? the transmission
presented above have not been discussed in the literature esefficient T(E,Vp)=T(E,[Vest(r,Vyp)]), where E is the
they tend to be hidden by the fluctuations in the unbiasedcattering electron energy aridis a function of biasV,
conductancey(X) [see Fig. 2c)]. The data presented here through its functional dependence wgs(r;Vy).
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In our analysis, the scattering states are defined for energy 60 - , , ,
ranges between the left and right chemical potenjiglend
MR, respectively. To solve for these states, at a given energy i .

(R)

E, we solve an inverse energy-band-structure probfevie §§§§....§§.’§§
then group all states as left and right propagating states de- a6 | LL! D 'RL 1

pending on their group velocity. For a scattering state coming
L
from the left lead,¥*n should start as a right propagating

L
state(I)E“, and it gets reflected back as a left propagating

L L oL
state¢fm with reflection coefficient “m¥n in the left lead, 20 |
and transmitted into the right lead as a right propagating state
L

R R
¢>gm with transmission coefficienﬁm’K“. In the calculation,
the scattering states are represented as a linear combination
of atomic orbitals inside the device region. This allows us to 0
write, for example, a left scattering state as

60 T T T T

kL KL KL KL . .
@ "+ ¢ mr¥m ¥ inside left lead

L L L. .
Y= lpgn inside device . o

R 40 1
¢gth51-Kh inside right lead.
<
A scattering state in the right lead can be written in a similar = 15 : T
fashion. For a symmetric two-probe device, the total trans- B
mission from the left lead is identical to that from the right 20 | s tE PO
lead®® To calculate the total current inside the device at a o 05 f . ‘e ]
given bias voltage/,, applied to the right lead, we use .
oF .¢ ST
2 It Il L {
Zef+°°d ¢ a T ka?
[(Vy)=— ET(E,V E,u = s ; L A
Vo) =77 | dETENVIL(E u=ko) % 0.25 0.5 0.75 1 1.25
V, [V]
—fr(E,ur=poteVy)l, 3

. . . . FIG. 3. -V characteristics of Au contacts with hollow site reg-
where f, fg is the Fermi function on the Ief@rlght) lead istry (a) and top-site registry(b); with zero-bias conductance
evaluated at temperatulle=0 K unless otherwise stated. In o 945 and 0.85, for (a) and(b), respectively. The structure of the
addition to predicting the overall transport properties of ageyice is illustrated irfa), where LL,D, and RL correspond to left
device, our formalism enables us to study transmissiofeaq, effective device, and right lead, respectively. The hollow site
througheachincoming Bloch state of the leads separately,is shown in(c) and top site ir(d), where chain atoms are illustrated
therefore allowing us to separate effects due to the leads ang dark circles. Insete) shows the band structure of the lead along
due to the scattering region. We have used this formalism tehe transport direction, the conducting band is shown by a solid
calculate |-V characteristics of structurally different Au line. Inset(b) shows differential conductance fluctuations of the
nanocontacts and compared them with the experimental reédollow site as a gray dotted line, dark dotted line, and dark con-
sults on the normalized functional form of the current, whichtinuous line forT=0 K, T=300 K and forT=300 K with 4

is described above. However, structural analysis on thess 10~ %V, modulation voltage taken into account, respectively.
systems,g(X), goes beyond the scope of this work. This

requiresgb initio molecular_-dypamics si_mulations with open on reservoirs att, where bias voltage is applied and
boundaries under nonequilibrium conditions due to the extergrent is collected. The device scattering region, indicated

gai b|a_s._ W?ﬂe T’fhese calculatlotns c_ou:ﬁ bc? p_erform?td _b3f)y D, is described by three Au layers from the left lead, four
etermining he force on each atom In the device SCallering o, g in a chain, antvo layers of Au from the right
region, it is computationally prohibitive due to the large . .
; . . ) o lead. We have also increased the two Au layers on the right
simulation time required to reach equilibrium. . . )
side of the chain to four to ensure that convergence is
reached with respect to the screening length. In this structure,
the registry of the atomic chain with respect to the lead sur-
In a first attempt to model our experiments, we calculatedace layer can be different. The most common structures that
the I-V characteristics of four Au atom®r a moleculg in we analyze in this work are the hollow site, where the atomic
contact with A100) leads. The structure of the atomic de- chain faces the vacant position in the lead layer as shown in
vice is illustrated in Fig. @&). The scattering region is the upper left inset of Fig.(®), and the top site, where the
bonded by two semi-infinite Au leads, which extend to elec-atomic chain and an atom from the lead surface layer face

A. Perfect Au nanocontacts
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each other as illustrated in the upper right inset of this figure.
We note that long and thin gold necks have directly been
observed experimentalfy. 4
Our calculations show that in all cases charge transfer
between the Au chain and the leads is not important, being
only ~0.07—-0.1 electrons per atom to the Au chain at dif-
ferent bias voltages. This corresponds to less than 1% differ-
ence in electron population per atom and, therefore, does not|
play any significant role in the-V characteristics of Au con- .
tacts. This is in contrast to a binary atomic system such as ;'
carbon chains between A0 leads’® In addition, solving
for the energy eigenvalues of the four-atom chain gives a

highest occupied molecular-orbital-lowest unoccupied . . .
9 b P FIG. 4. Contour plots of surface charge density at particular bias

molecular-orbital gap of 0.68 eV, indicating that the mol- . .
ecule eigenstates should only have a secondary effect on ﬂﬁ]gltagevb(V) and energyE(eV) indicated on each figure. We use

. . e same scale for all graphs to compare the conductance probabil-
transport 'pr.opelrtles. Therefore, the major effect on Ithe ity for each configuration. Dark circles correspond to atom positions
characteristics is (_1ue to the character of electronic states | ong the constriction for guidance.
the leads and their couplings to the molecule at the chain-
lead interface. experimental modulation voltage range of 4 mV, completely

In Fig. 3@, we show the results for a system with atomsconsistent with our experimental results of Figd)2
in the hollow site. At small bia¥,,, we note that current is a The effect of site registry is studied by placing the end
linear function ofV, with a slopeG=0.94G,. The linear atom of the Au chain at the top site of the leads. In this
function suggests that(E,V) =T, with a weak voltage de- sjtuation the chain atoms are facing one atom of the lead
pendence. In this regard, our self-consistent calculation givesurface layers. This analysis is quite important, because it
a result apparently similar to previous theoretical W8rR*  was showf®*7 that atoms at the junction change registry
in the low-bias regime. However, we will show later, by from hollow to top sites resulting in bundle formation just
addressing the origin of this “perfect linearity,” that the before the nanostructure breaks. Th¥ characteristics of
physical picture of a bias-independent transmission coeffithese systemshown in Fig. 8b)] are similar to the previous
cient is not valid even for such a simple chain. We also noteesults, therefore no change is observed in the transport prop-
that the lineard -V characteristics observed in these systemsrties for the top-site registry.
do not agree with our experimental data. To further investigate the huge and peculiar plateau occur-

A major feature of Fig. @) is the huge plateau &, ring at V,=0.5 V-0.9 V, we have plotted in Fig. 4 the
=0.5 V-0.9 V, as well as the fine structur@s sometimes charge density at a given energyE, p(E,X,2)
negative differential resistancebserved for larger voltages. = [dyp(E,x,y,z). We see clearly that at zero bia¥,,
In the lower inset of Fig. @), we show the band structure of =0 V, the device property turns from a perfect conductor at
the Au100 lead along thez direction (transport direction E=0 eV [Fig. 4a)] to an insulator aE=0.68 eV [Fig.
Even though at a given enerdythere are many electronic 4(c)] due to the termination of the conducting state. Here we
states that are potential candidates for transporting currenterpret the charge concentration as the effective bonding
our investigation found that f&E<<0.5 eV there is onlpne  strength, or conductance probability. Applying a bias voltage
statethat is actually conductingpresented by a continuous to the system drives it out of equilibrium, and t,
line in the inset Once this state is terminated & =0.68 V andE=0.68 eV, the charge in the molecule re-
~0.5 eV, the current is saturated resulting in a large plateadistributes, but the bonding is still very weak as shown in
until new conducting states emerge at higher bias voltages:ig. 4(d), with some molecular regions havirmgro charge
For E>0.9 V, transport properties are more complex sinceand resulting in the large plateau observed in ot curve
more states contribute to transmission. Under these circunbf Figs. 3a,b). This effectively demonstrates the importance
stances, band crossing occurs more frequently, T{dV,)  of both the energy and the voltage dependence of the trans-
changes over small ranges of bias leading to the small strugnission coefficienfT (E,V). This point will be discussed in
tures seen in the-V characteristics of perfect Au contacts. In more detail in Sec. V. A further point to notice is the differ-
fact these variations ifi(E,Vy,) are the origin of the fluctua- ence of zero-bias conductanGe=0.8G,, for the top-site de-
tions in the normalized differential conductance shown invice andG=0.94G, for the hollow-site device. This differ-
Fig. 2(d). They thus need to be attributed to the effects of theence is due to a change in the coupling between the chain
leads’ band structure. In the lower inset of Figa)3we plot  end atoms and the surface of the leads. To ensure the same
the theoreticalsl/6V. The magnitude of these conductance nearest-neighbor separation distance for both cases, we end
fluctuations is of the order of 60% at zero temperatureup with four nearest neighbors for the hollow-site registry
which is much larger than the experimental finding. How-and only one nearest neighbor for the top-site registry. Under
ever, these fluctuations are reduced to 15% if the current ithese circumstances, the hollow site has a better coupling to
calculated using Eq(3) at a temperaturéf=300 K (the the chain and hence a larger conductance.
temperature of our experiment$n addition, the fluctuations A pure and perfect Au nanocontact, as studied in this sec-
further decrease te-1% when current is averaged over the tion, shows rich and interesting transport properties. It also

 Y=0,E=068 =068, E=0.68
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system, charge transfer to the atomic chain is still small, and
thus inadequate in explaining the experimentally observed
|-V characteristics. We note that the S atom suffers from an
electron deficiency-4%. Also due to the presence of the S
atom, the coupling of the electronic states in the leads to the
device scattering region is quite different as compared to the
monatomic gold structure. When the S atom is present, our
calculations found that all Bloch states are coupled to the
scattering region, with the highest transmitting mode still
being that corresponding to the conducting mode of the mon-
atomic gold system.

Thel-V characteristics of the S doped Au nanocontacts is
shown in Fig. 5. We note that tHeV curve for voltages up
to 0.5 V is very similar to the experimental values with non-
linearity onset ahonzerobias voltage. We also note that the
huge current plateau of the pure Au device has now dimin-
ished because more states contribute to electronic transport.
To compare these results with the experimental measure-
ment, we have used the normalized functional form of the
voltage, fo(V) shown in Fig Zb), and multiplied it by the
simulated zero-bias conductance (@Y. The result is
shown as open circles in Fig. 5. The qualitative and quanti-

o . . ~ tative agreement between the theoretical and experimental
FIG. 5.1-V characteristics of Au contact doped with S impurity yesylts is rather encouraging. In fact, this is the first time that
(solid line). The dashed line has a sloped.67G, and is shown 10 gynerimental nonlineat-V characteristics could be com-
help view the onset of nonlinearity; circles correspond to the ex'pared so well and so directly withb initio self-consistent
perimental results obtained frofiy(V) [Fig. 2b)] and multiplied o ations. It is also a very surprising result because a

by the zero-bias conductance 0y The inset(@), shows the at- i 10 5 impurity can qualitatively alter transport in these
oms registry, where dark circles show the atomic chain, gray ones

are Au atoms in the leads’ surface, and light gray is the S atom. hanocontacts from_ Iine_ar to no_nlinear.
The -V curve, in Fig. 5, still shows the small features

gives a good understanding of the origin of the observe(.‘?'m'tlaél tp tEqse fO_IL_‘Qd n ]Puredartldllpen;e::; Au (ionltaiq::/—
differential conductance fluctuations as due to coupling ofentead In rig. B ese Tine detalls of e calculaleev.
the Au chain to the leads’ band structure. However, it has &' V€ would result in ql|fferent|a| cpnductance fluctl_Jatlons
linearl-V curve at smalV,<0.5 V, rather than the experi- similar to those shown in the experimental data of Fig) 2

mentally observed nonlinearV characteristics. How can a and the pure Au device of_F|g.(Iﬁ§). However,.these _fme
nanocontact produce a nonlinéa¥ curve such as that of features as calculated are wider and occur at higher bias volt-

; : - ages than the experimentally observed ones. The former can
? K
Fig. 1(b)? The simplest possibility to observe such a phe e attributed to the zero temperature we used in our calcula-

nomenon is to have a tunneling barrier at the molecule-leaﬁon The absence of these fine features at smaller voltages is
junction whose effect gradually collapses as a function of an . . . g€
increasing bias voltagl. While a tunneling barrier can be attributed to the small size of the leads used in our theoretical
established by several means, we will investigate a modépbc’deltmg: .clt(.)se t?EtCere tare Jli'ft\? f.eV\ll states bsoblthat
where it is a result of impurities. Indeed, recent experimentalﬁJl rulrt)' variation 0 t(hel \l/)) a sma; Ier \b/'s €ss probable,
findings indicate that perfectly line&+V characteristics were res_ll_J mgdln atsmdooth " curﬁ af O¥V b.th t Fogt
reproducibly found in gold-gold nanocontacts in ultrahigh 0 understand other possible tactors that can a
vacuum:’ while nonlinear effects emerge when the experi—Ch""r"’mterIStICS of nanocontacts we have studied 'the effgct of
ment was performed in the air. This suggests that impuritie§ larger number of S impurities, dlsorder, and their comb.med
play an important factor. effects. The results of these calculations are presented in the
following section.

B. Au nanocontacts with S impurity

To simulate the effect of an impurity at the contact, we C. Contacts with several impurities and disorder

have replaced one of the Au atoms at the interface layer with Including more S impurities at the contact enhances the
a sulfur atom. This is presented in the inset of Fig. 5. Thetunneling barrier and may give rise to a smaller current with
choice of sulfur is motivated by the fact that in our experi-a larger nonlinear behavior. The result of replacing two Au
mental labs, sulfur is a non-negligible airborne pollutantatoms at the interface by S atoms is plotted in Fitp).6
(diesel exhausjs sulfur atoms bond actively with Au. We Indeed, as expected theV curve for this system shows a
also note that the bandwidth of sulfur; 10 eV, is much larger nonlinear character. The nonlinearity startsVat
higher than that of Au{1 eV), thus a tunneling barrier is ~0.17 eV. It is actually more nonlinear than that of the
expected to be provided by the presence of S atoms. In thisxperimental data; this is mainly due to the high concentra-
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tion of S at the interface. Therefore, an experiment that dopesontact with S impurity, but is smaller than that with only a
an Au contact with more S impurity should show an en-disordered contactwhich has better coupling The final
hancement of thé-V nonlinearity. This also gives a possible conductance is due to a competition between both effects.
explanation of why experimentally the nonlinda¥ fitting  The |-V curve for this device is presented in Figch it
parameters are not univers4f® they dramatically depend shows very weak nonlinedrV characteristics: analysis of
on the contact structure as well as the impurity concentraeur data show that the slope reach®s-0.85G, at V,
tion. ~0.18 V. Therefore, there is still a weak nonlinear behavior,

Studying the effect of disorder in nanocontacts is anothebut it is small due to the fast saturation of conducting chan-
important problem. To investigate this effect, we have rannel in the device.
domized the contact layer in the left lead of a pure Au nano- From these results we can conclude that Ithé charac-
contact, as shown in the inset of Figb® The distribution of  teristics of an atomic junction is a complex phenomenon in
disorder leads to a smaller distance between the contact layemich the leads, eigenstates of the scattering region, as well
and the Au chain, resulting in a better coupling. The currentas impurity and disorder play major roles. In particular, a
through this device is larger than that of the ideal contact andunneling barrier created by impurities can result in nonlinear
is shown in Fig. €b). For this device, the slope of the current |-V behavior of the nanodevice. However, to be able to ob-
at zero bias i65~0.9155,, and it slightly increases t& serve this effect, conducting channels in the device need to
~0.92G, at V,~0.2 V. Thel-V curve shows very weak be present, otherwise transmission saturation is reached at
nonlinear characteristics. This suggests that disorder aloremall voltages and a linearV characteristics is seen. For-
may create a tunneling barrier, which is overcome throughmally, it is the transmission coefficiedt(E,V,) that is of
the application of a bias voltage. However, to observe therucial importance when analyzing the effect of the eigen-
effect, there need to be conducting states in the scatteringtates of the leads and the device, as well as the lead-device
region. For our pure Au device, onbne single statés con-  coupling.
ducting and the maximum zero-bias conductanceGis In the following section we determine the behavior of
=G,. Therefore, aG~0.9155,, the conducting channel is T(E,V,) and we will address the following questions: Is the
already open to near its maximum at zero bias, hence it carvoltage independence of (E,V,) an adequate picture?
not be further enhanced in any significant way by applying avhich T(E,V,,) behavior would result in nonlinearV char-
bias. The results in Fig.(6) show that disorder is an impor- acteristics? Can the major characteristicd (3f,) be quali-
tant factor that allows more Bloch states in the leads taatively estimated from simple arguments or does one always
couple with the scattering region and contribute to transporheed to perform an extensiad initio simulation?
properties. This is clearly seen when we notice that the huge
glijsr(;?gérglgltéa:\lljicgbserved in Fig. 3 essentially vanishes in IV. BEHAVIOR OF TRANSMISSION

Combining the effect of disorder and S impurity is also COEFFICIENT T(E Ve)
crucial. The latter enhances the tunneling barrier and the For all the Au nanocontacts we have investigated theoreti-
former may enhance the coupling of the device to the leadsally, T(E,V,=0) increases as a function d& (for E
We have used the disordered structure studied in the last0.2 eV). A typical behavior is shown in Fig.(& by a
paragraph and replaced one of the Au atoms at the contadfshed line for an ideal top site, pure and perfect Au device.
layer with an S atom, as shown in the insets of Fig).6The  From this curve, it is clear that there is transmission enhance-
zero-bias conductance for this deviceGs-0.8335,. This  ment as a function oE, which should result in a nonlinear
number is larger than that with only a tunneling bartideal -V curve if T(E,V,#0) behaves in the same way. In the
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1.2 , ' 1.2 , , tively. Due to the conductance channel saturation effect in
115 b [—= v,m0.0v ’ the scattering region, the transmission coefficient has a very
b’ 1 115 | /A . .
— V,=0.136V s weak energy dependenémughly constant This behavior
14 F _ also emerges in thé-V curve, which shows a very weak
o it nonlinear behavior. We conclude that the roughly linkeaf
= 7 curves of Figs. @) and @b,0) are due to very different ori-
; Pt gins. In the latter case it is due to the channel saturation
effect in the scattering region, whereas in the former it is due
095 | 1 oos | ] to a compensation between the effects of increasing energy
o . (@ o . D) and bias voltage off (E,V,).
0 0.05 0.1 0.15 0 0.05 0.1 0.15
1.2 T T 1.2
V. DISCUSSIONS
b 1M We have already shown in the preceding sections that
14} 1 1} ] transport at the molecular level is a complex phenomenon.
o To understand these systems, careful experimental work that
B 105t 1 8¢ ] separates electronic effects from structural relaxations, as
P S N~ ] well as detailed calculations that include the effects of the
= molecule, leads, and their coupling are required. In this sec-
095 [ 1 oes5f 1 tion we discuss and compare our findings with previously
() (d published theoretical concepts and experimental results.
%90 o o1 o1 Y0 o5 01 015 Experimental work reported by Costa-kner et al>*%°
EfeV] EfeV] have shown clear nonlinearV characteristics in Au nano-

contacts starting at biag,=0.1 V, and its origin was attrib-
line) andV,=0.136 V(solid line) for ideal contact structure at the uted to stronge-e interactions. To .rule out the 'mpu”ty ef-
top site(a), one S impurity structuréb), disordered interfacéc), fect, the authord have_used scanning electron microscopy to
and disordered interface with one S impurith. The scaling factor ~analyze contacts of diameter300 nm. They also used en-
is T(E=0,V,=0). ergy dispersive x-ray analysis and determined a contamina-
tion concentration below detection sensitivity. Experimental

same graph we have also plott&¢E,V,=0.136 V). One cleanliness checks performed for the large nanocontacts
can observe that the general energy dependenéeioftill (~300 nm), however, cannot be extrapolated to junctions of
the same, namely, increasing, but there is a global shift of theew atoms in size due to the exquisite chemical sensitivity as
curve downward. Therefore, an increase in the transmissiodemonstrated by our model. In other experim&htsith Au
coefficient as a function dE is compensated by its decrease relays, it was observed that the conductance quantization his-
due to increased bias voltage. The total effect on the curreribgram survived for even larger bias XI5, peak persists
is to produce dinear |-V curve as shown in Fig.(B). We  for V,~1.8 V). These data show clearly that in such an
also note that this complete compensation betweandV,,  experiment nonlinear-V behavior cannot occur at low bias
is not universal and can be different from one system tqV,=0.1 V). We believe that these junctions were formed
another. In fact, even for the same device it can behave difoetween atomically clean gold contacts. These experiments
ferently at different energy ranges. This results in differentwere performed by forming and breaking the contacts very
features in thd-V curves such as plateaus, wiggles, etc. agjuickly (approximately in microsecongshus removing the
we have discussed previously. impurity atoms from the Au junction even if they exist&d.

A similar analysis is done on a device tvia S impurity.  Recently, elegant experimental work by Hansenal®’
The results are shown in Fig(hj. For this device it is clear found that contaminated Au nanostructures show nonlinear
that the effect ofE on transmission aV¥,=0 is more pro- |-V characteristics, whereas experiments done with a clean
nounced. This is evidence that tunneling is an important factip sample in UHV show perfect linearity fov,<0.7 V.
tor. In addition to this, we note that applying a bias voltage toThe nature of the contamination was not determined.
the system causes a decrease in the transmission coefficient,A fundamental question that is to be addressed in this
but it is not a global decrease. In particular, a bias voltage o$ection is transport through an impuritgr a tunneling bar-
V,=0.136 V actually increases transmission at small enerrier at the contagf the most likely physical picture that can
gies as shown in Fig.(B). Therefore, the combined effect of explain the observed nonlinekV characteristics. In the fol-
E andV,, does not cancel and it gives rise to nonlinéar lowing we compare and discuss some of the concepts de-
characteristics as seen in Fig. 5. According to this analysisscribed in the literature relevant to this issue.
one can easily predict some aspects oflthécurves just by Free-electron models have been used to describe the be-
studying the transmission coefficieh{E,V}) at two differ-  havior of nanostructures under external biaE In these
ent bias voltages. Obviously, this helps to pretl{§f,) char-  systems, depending on the potential profile across the device
acteristics with much less computational effort. and the external bias voltage drop, varidd¥ characteris-

In Figs. Ac,d), we do a similar analysis on a device a with tics can be extracted. In passing, we note that these calcula-
disorder and a device with a disorder plus impurity, respections neglected the voltage dependent couplind:,Vy,)

FIG. 7. Scaled transmission coefficieR{E) at V,,=0 (dashed
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T . T . nanostructures, zero-biaab initio calculations should be
i i done to extract the TB parametdgraither than from bulk
These can then be used more safely with charge neutrality

8
7
6 % ) o
N . éﬁ Aaf n constraints to deducé-V characteristics of nanocontacts.
= 5 '.I' . \‘ ° ’M oy LYAVAYAY %grl.‘y‘,’f"-.\a' [ * 3 Since we have seen only small effects of the bias voltage on
L 4reje e e o o o lefe i the atomic charge transferrfa S doped Au structure in our
> 4 4l.l é \.fi "‘\,f 6 ab initio calculations, we suggest that for this particular
) f \J W structure it is possible to deduce the charge distribution and
! \, k¥4 1

the TB parameters from zero-bias calculations. Using these
TB interaction parameters and the zero-bias charge at each
atom as a constraint, theV characteristics of these struc-
tures can then be solved self-consistently. The results are less
accurate compared to a fudlb initio calculation, but they
should give better results than using the conventional TB
parameters derived from bulk systems.

There are other important theoretical calculations going
beyond the single-particle picture. Since the device constric-
tion is narrow,e-e interaction can be strong and non-Fermi-
liquid behavior might have to be taken into account. How-
ever, it was shown by Maslov and Stdfehat for these
systems the resistance is due to contact and thus the results
0 s ! s ! are independent from the Luttinger-liquid behavior in the
constriction. Therefore, in these calculati6hgansmission
is found to be identical to noninteracting particles. An impor-

FIG. 8. (a) Average Hartree potentiaM) across the central tant, single-particle transmission assumption is incorporated
cross section €9 A?) of the ideal contact at the top site: dotted in this model’* However, at nonzero temperature or/and bias
line at zero bias and dashed line\gf=0.5 V and(b) their differ-  voltage, a finite number of particles are injected into the
ence showing that most of the potential drops symmetrically at thexanostructure resulting in backscattering effects. These lead
interfaces. Black circles correspond to atom positions along théo charge accumulation at the interface, creating an extra
constriction for guidance. potential in addition to the original constriction potential.
This additional potential is both Hartre® () and exchange

(discussed in Fig.)7 This is obviously a major drawback for correlation ¥,c) in nature, and it is the reason for the so-
calculations at the molecular level, as shown by our analysigalled resistance dipofé. Due to this additional potential
However, a voltage drop at the contacts is still a reasonablgontribution, it was show/i that for one-dimensiona1D)
approximation. In Fig. 8, we plot the Hartree potential acros$ystems the transmission coefficient is renormalized. It was
the four-Au-atom chain. It is clearly seen that the potentialfurther proposed that this charging effect can even close a
drops mostly at the interfaces. However, assuming a uniforngonducting channel that is 90% transmissiv@his channel
potential across the constriction is not adequate due to thi§ gradually opened ag,, is increased for a complete trans-

atomic structure and the small variation of charge transfer aglission atV,~0.35 V, thereby inducing a nonlinedrV
a function of bias voltage. curve. From a theory point of view, the picture of charging

A self-consistent tight-bindingTB) model has also been induced nonlineat-V characteristics should overcome two

implemented to find the conduction dependence of eacfprther difficulties: that the renormalized transmission de-
eigenchannel in the Au nanocontact as a function of the biaBends on an interaction parametey which cannot yet be
Vo|[age?3 In these calculations, the TB parameters are Ca|cudetermined for atomic wires; and that previous calculations
lated from a bulk system and the charge neutrality of eactsolved a 1D case with no effect f, on the transmission
atom of the nanocontact is enforced in order to carry out thd (E,Vy,). In the rest of this section, we follow the interesting
self-consistent calculations. Although it is not clear if the TBidea of the charging effect and analyze it in greater detail to
parameters determined from bulk structures are directlinderstand if this effect, which leads to channel cloiiy
transferable to nanocontacts with atoms of low coordinatiorfan give rise to nonlinear-V curves of atomic devices. To
number, especially when put under a bias potential,afur start, we follow the work of Yuet al’® by assuming a strong
initio results show that charge neutrality is a valid approxi-interaction and write the renormalized transmission coeffi-
mation for Au devices without impurities since charge trans-cient as®’®

fer is quite small. In self-consistent tight-binding models,

charge neutrality is accomplished by locally adjusting the R To(E/Dg)?
chemical potential. For a zero-bias calculation and nanocon- T(B)= Ro+ To(E/Dg)2’
tacts with three atoms, Ref. 73 shows that a local potential o0 0
~3 eV needs to be added to the central atom to achievethere,To andR, are the transmission and reflection coeffi-
charge neutrality. This seems to be a large value for Hamileients of the noninteracting model such thAgt- Ry=1, and
tonian correction. Therefore, we suggest that for pure Aux is a parameter to descrilee interaction in the constric-

V,.[eV]

Z-axis (Transport direction)

4
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scattering effects. Our results show that it is possible to par-
tially close a channel-60%, but not completely. Our experi-
mental data, which shows zero-bias conductance of
~2.2G,, indicate that at least one channel is 20% transmis-
sive and that channels amnly partially closed consistent
with our theoretical work. Therefore, we can conclude at this
point that the physical picture of electron interactions to
completely close and open a channel as a functioWpf
while interesting, cannot explain our experimental data.

To further address the importance of backscattering
effects!® especially for our devices with realistic atomic
leads, we have investigated the dependence on the interac-
tion parametew in Eq. (4). Tuning this parameter can dra-

08 | =01 T matically change the renormalized transmission coefficient
< 06 | =TT e _ as a function o/, as shown in Fig. ®). Therefore we have
“o __/// e ol a wide range of this parameter for fitting our experimental
% 04 | 2=05 T . data. However, if we change the Au nanocontact by only a

o single sulfur atom, we should not expect a very differest
0.2 - e T,=0.9 . interaction parametes, thereby this would predict ah-V
------ <=1 (b) curve not too different from that without the sulfur. This
00 02 o0a 08 08 1 12 1a suggests that strong interaction alone would not predict
Vv, [Vl strong sensitivity of thel-V curve dependence on small

amount of impurities, in contradiction with experimental
FIG. 9. Conductance calculated from renormalized transmissiomesults>®°’ Transmission renormalization is important in 1D
due to backscattering as a function of bias voltdge for T,  scattering problems where there is no charge in the leads. For
=0.99, 0.9, and 0.8 corresponding to solid, dashed, and dotteghgjistic atomic leads, the backscattered charge is a small
lines, respectively, with interaction parameter-1.0 and(b) for 3 0tion of the original one, and its effect should be well
;%:tg'goalligd gsg&t'o;ngaé??eeﬁﬁgs'l’rgs":’)éigseto correspond- screened. With all these considerations, we believe it is un-
' ' ' ' likely that the dynamically established charging effect alone
is large enough to cause the obseri/ad nonlinearity for Au
nanocontacts. Finally, we note that any tunneling bafrier
could be responsible for the experimental nonlinleat data
reported here. Although we explored the possibility, from
theory, that the barrier is induced by a single S atonother
impurity atoms, with S being the more likely one due to its
affinity to Au), more comprehensive experiments are needed
to firmly establish the origin of the tunneling barrier.

tion. The parameteD is the energy range ne&i-, which
contributes to renormalizind, and is determined by D,
=hve /W, wherevg is the Fermi velocity of the system
(10° cm/s for Ay and W the width of the
nanoconstriction> W~10-20 A. Therefore, we find that
for these deviceD,~1.0 eV. From Eq.(4), we compute
the currentl (V,) at zero temperature by integratifici(E)
from zero toeV,, assuming no bias dependenceT6{E).
The conductance is then deduced®y: 1 (V,)/Vy, . We note
that due to the finite length effect of the constrictidri,
~100 A, the renormalization effect is cut off for bias volt-
agesVy<Vg, WhereV =27hvg/L~0.1D. Within this ap- In this paper, we discuss the electronic transport proper-
proach and using the free parameters as specified, we haties of Au nanocontacts from both experimental and theoret-
plotted in Fig. 9a) the conductance of a single channel as aical studies. Our experimental data analysis enables us to
function of bias voltage/,. Qualitatively, the results show separate electronic effects from structural relaxations, allow-
that G increases withv/y, due to the channel opening. How- ing a better comparison to theoretical modeling of these nan-
ever, quantitatively they do not give a complete channebdevices. Our theoretical work shows that transport proper-
opening at the experimental value ¥f~0.35 V (as sug- ties at the molecular scale need to be analyzed at the systems
gested in Ref. 55 if the channel is less than 10% transmis-level: leads, the molecule, and their interactions have to be
sive atV,=0. In fact, we found that a bias of 2 V is needed studied simultaneously. The self-consistently determined
to overcome the charging potential barrier, thereby the nontransmission coefficiet(E,Vy) is shown to vary as a func-
linearity in1-V curve can only set in at much larger voltages.tion of E andV,,. This gives rise to differential conductance
We also note that since the extra charge due to backscatterifigictuations of the order of 1% at temperature 300 K taking
is accumulated at the interface, which has a larger cross seuyto account the experimental averaging process. These fluc-
tion, we expect that DFT and the local-density approxima-tuations are attributed mainly to the effects of the lead band
tion to V,. should work well. Our self-consistent calcula- structure. Most striking, however, is the possibility that a
tions, with all the charge transfer and rearrangementsingle impurity atom at the contact region can altey
accounted for, have already partially included the backcurves qualitatively in these devices: pure and perfect Au

VI. CONCLUSION
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nanocontacts do not give the observed nonlinearity, while @ng contacts in nanoelectronic devices, and, perhaps, to ex-
sulfur doped device does. Importantly, we have shown thaploit it for the benefit of device operation.

the measured nonline&fV characteristics of Au nanowires
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