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Nonlinear effects in conductance histograms of atomic-scale metallic contacts
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General properties of conductance histograms of atomic-scale metallic contacts are discussed. Nonlinear
effects are included assuming a quasiadiabatic representation for electron transport. Histograms of conductance
and histograms of differential conductance markedly differ when increasing the bias voltage. Averaging over
different nanowire breakage paths at high bias rapidly smears out the peldkslirstograms, while it leads
to new peaks at half integer values @i/dV histograms. Recent experimental results on the histograms
evolution with the applied bias are discussed.

[. INTRODUCTION niques based on either the scanning tunneling microscopy
(STM),”"1% or the mechanically controllable break junction
During the last decade, nanotechnology has become aMCBJ) method*>*? Using both experimental approaches,
essential topic where multiple scientific disciplines meet, bebased on piezo-controlled motions, it is feasible to stabilize
ing a key for future technological developments. A funda-the contact structure at atomic level during a long time, keep-
mental branch of nanotechnology concerns the study of eledng a constant electron current. The presence of conductance
tronic transport through mesoscopic and low dimensionateps of the order oG, when the nanocontact section
systems:? The practical realization of such systems has beeighanges has been interpreted as a CQ signature.
based on devices working at low temperatures, where an The electrical characterization of these low dimensional
electronic current flows in a two-dimensional electron gassystems is a topic of great interest and several experiments
(2DEG) under a bias voltage. With this background, it hashave measured current-voltagd/{ characteristics at differ-
been possible to develop two-dimensio(2D) constrictions, ent conductance valuég?3-1%In general, the measurdy
quantum dots, cavities presenting chaotic features, etc. laurves show a characteristic nonlinear behavior more
particular, the study of electronic propagation through smalbktrongly marked in situations where only a few conductance
constrictions has received attention in order to test basichannels are involvet™® These nonlinear features can be
physical ideas and propose new electronic devices. negligible when the nanocontact is formed over a substrate.
Although 2DEG based devices have been for a long timéA remarkable feature observed in the free-standing metallic
suitable to analyze basic aspects of mesoscopic systemsnanocontactV curves is that the nonlinear component in-
great effort has been made to use metallic contacts of nanereases with a power laiv- V% where the exponertranges
metric size, metallic nanowires, to study the basic features dfetween 2 and ¥ This behavior differs from that observed
guantum transport, opening a path to use them as intercofr microfabricated 2DEG constrictions where the strong non-
nects among active elements in integrated systeffise  linear behavior is seen as a change of slope in Itfie
characteristic small dimensions of such contdotdy a few curvel®’ These changes in the slope also give ris&d2
times the Fermi lengthh ) make them appropriate to study steps in the differential conductange= 61/6V when the
phenomena such as ballistic transport or conductance quananocontact sectioA varies:® These new plateaus g(A)
tization (CQ). CQ is an appealing phenomenon which re-are explained in terms of a model that assumes the applied
veals the quantum nature of electron transport when only hias voltage drops symmetrically with respect to the nano-
few transversal mode&lue to the electron spatial confine- contact middle point>?® A similar behavior is found in
menb are populated. In this case, the measured conductanceree-dimensional constrictiofls?although, in this case, the
G=1/V (wherel is the current intensity antf the applied |V curves show an additional dependence on the 3D induced
bias voltage across the constrictjois given, in the small degeneracy of the transversal modes. The predicted behavior
bias limit, by the expressioB=N2e*h=NG,, whereGyis  for the curveg(V) in 3D nanocontacfs has not been experi-
the conductance quantur, reflects the number of allowed mentally observed. Several explanations have been proposed
propagating modese is the electron charge, arfu is the in order to explain this disagreement, ranging from the exis-
Planck constarft. Although CQ was confirmed in 2DEG tence of Coulomb blockad® to the presence of a non-
devices>® the study of such phenomenon in metallic nano-negligible tunnel current contribution which depends on the
contacts has attracted special attention because it should banocontact geomefiyor to the presence of impurities in
noticeable even at room temperature due to the relativelthe contact regiof?
large energy separation between transversal modes. In a different context, théV traces appearing in metallic
Nowadays, it is possible to create metallic nanocontactsjanocontacts in the superconductor regime have been used to
with minimal sections formed by a few atoms, using tech-estimate the number of channels involved in the electron
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transport when conductances closeGg are measure®.  scattering approach to electrical conductah@a atomic-

The obtained experimental results seem to support the idestale metallic contact can be considered as a small connect-

that the chemical valence determines the number of allowefhg nanowire between two three-dimensional electron gases.

conducting channels in single-atom conta€tajthough the  The quantization of the transversal momentum of the elec-

presence of geometrical effects should be accounted for. trons defines different subbands or channels, each having an
Not only the electrical characterization of metallic nano- gssgociated transmission probabilify, to go from the sub-

contacts and nanowires has been the subject of study, but & dn in one reservoir to the other.

CQ phenomenon itself in such systems has been extensively |, 3 metallic 3D constriction, the electrons are confined in

ana!yzed. A tool to get insight on CQ lies In the elaborationy,e ransversal directions whereas transport occurs only
of histograms of conductance. Due to the inherent NOnreproz ;o the other one, let us call it tizedirection. Therefore
glrjé:;?('gty of similar atomic structures during nanocontact%gch channel has a momenttmin the transport direction,

ge experiments, some statistical tool is needed. Coun d the di . lation f h ch lin th .
ing conductance occurrences for different retraction experif’m € dispersion refation for each channel in the reservoirs
ments and building a histogram of conductance values jLesults ine=e(n,k;) =E,(k,) + €, wheree, is the charac-
one, perhaps the simplest, of such td8I& Although there teristic transve_rsal energy of the .cha.nneTrhus the number
is a vivid debate about the origin and meaning of such con®f channelsN in each reservoir is given by the maximum
ductance histogranfS;?"**the evaluation and construction valuen satisfyinge,<Eg . The contribution to the current of
of histograms has become a standard tool in the study of th@ given channel in the left reservoir for a differential energy
conductance quantization phenomenon under different situanterval de is given by the product of the electric charge
tions. Conductance histograms obtained for nanocontacte group velocity (¥#)de/dk,, the density of states along
formed between two macroscopic metal wires demonstratethe wire p,(€)de, and the transmission probability for an
the strength of the CQ phenomeriband its independence electron to go from the channalin the left reservoir to the
on the experimental setup. Different kinds of experimentsight reservoir,
using conductance histograms have been presented in order

to analyze the CQ dependence on different external param- Iy de

eters such as chemical environmé&htemperaturd? mag- dly " =esgi Pnl€)deTn(e,V). 1)
netic field®*~° retraction speed in STM-like nanowire z

breaking experiments etc. A similar expression is obtained for electrons in the right

Following the same experimental methodology, a recenteservoirarriving to the channeh in the left one,
work®®3” shows a strong dependence of the histogram peaks
on the applied voltage. With increasing bias voltage the peak o de
height decreases and finally disappears at some critical volt- dly :eﬁ.TkPn('f)dan(f_eV’V)’ @
ageV.. In particular the peak corresponding@-= G, dis- ‘
appears av,~1.9 V at room temperature whereds~2.2  where applied bias voltage shifts the energy at which the
V at liquid-nitrogen temperature. This experimental resulttransmission probability is evaluated. After including the
was interpreted in terms of electromigration induced forspin degeneracy, the density of states is givenphfe)
huge current densities in the nanocontact. Although this ex=(1/7)dk,/de. The total current is therefore given by the
planation presents a reasonable physical framework it nesummation over all the channels and integration over the
glects the nonlinearity in théV curve which can play an energy spectrum
important role at such high voltages. A very interesting ques-

tion arises when observing the conductance histograms under 26 (Er N’ (e)
applied voltage. In principle, the nonlinear term appearing in |=— > Ta(e,V)de, 3
IV measurements should shift the histogram peaks towards h Je—ev ™

higher G values but experimental findings do not reveal an

noticeable shift. There are even results indicating that th g v
shift is towards lower G values for increasingg applied ere we have used the fact that the Fermi-Dirac distribution

voltage® The aim of the present work is to explain the ob- (implicit in the density of states accounting for temperature
served evolution of conductance histograms as consequengffects at room temperature is well approximated by the step
of the nonlinear behavior of th&/ characteristic curve, thus function.

offering a contribution which coexists with the diffusion and ~ For finite biasV, we must distinguish between the con-
electromigration ones. ductanceG and the differential conductange The conduc-

The structure of the paper is as follows: in Sec. Il wetanceG is defined as the inverse of the resista@e1/V
present the model for a 3D metallic contact and the methosvhereas the differential conductangg is defined asg
to determine the conductance histograms including finite bias=dl/dV,
voltages; in Sec. Ill we present calculated histograms and

hereN’(e) gives the number of channels satisfyiag<e.

analyze the voltage influence and its dependence on the volt- _d Er -
age drop across the nanowire; finally, in Sec. IV the main 9% 5ev) )& _evg(f)d‘f' @
conclusions are summarized. F
N’ (e)
Il. THEORETICAL MODEL ~
9(eV)=Gp 2, To(eV). (5)

A. Nonlinear conductances

A deep insight in the physics of quantum electronic trans-Following previous approach@s’®“® we assume that, in

port through small contacts is obtained from Landauer'sgeneral, the voltage drops a fracti@@V between the left
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We should emphasize that Eq®) and (7) provide a
simple approach to an otherwise extremelly complex prob-
lem. The energy dependence of transmission probabilities
T,(€,V) in actual contacts depend on the local chemistry and
geometry around the contact and may change with the ap-
plied biasV. This bias dependence, which for gold contacts
is important only for high bias\(=2 V),*® should then be
taken into account in any detailed quantitative analysis of the
experimental results.

B. Saddle-point contact model

In order to calculate transmission coefficients, we con-
0 sider a simple saddle-point conta&PQ model, originally
— introduced by Bttiker,*® and used to describe electronic

1 BeV transport in two-dimensional systerf’sThe SPC model was
shown to be very useful in the analysis of different transport

properties in three-dimensional constrictiGhé® In this
(1-B)eV model the constriction geometry connecting the two reser-
e voirs is given by the equipotential surfadé(x,y,z)=¢,
eV wheree is the electron kinetic energy at the narrowest part of
FIG. 1. Schematic representation of the contact model. The pothe constrictionV(X,y,z) can be written as
tential profile at a bia¥ is also sketched.

V(X,Y,2)= eI Zy2g y2— Al iz2 9
reservoir and the contact and<{13)V between the constric- 7 Alpy g R.™ /)

tion and the right reservoir, while the potential remains con- , .
stant inside the constriction itséf (8 accounts for any Electronic transport takes place along the direction,

asymmetry of the potential drpp8= 1/2 implies a symmet- whereas elgctrons are confined in the.trgnsversal directions
fic drop while B=1 implies a perfect drop betweeen the by parab.ollc_ potentlals.' The const'rlctlon geome',-try“ as
negative electrode and the contéstte the scheme in Fig).1 S_kef'tCh,?d in Fig. 1_Iooks_ like a parabolic geometry with .E|'
The actual potential drop along atomic-size constrictions is th'_cal Cross sectionAis the area of the_ harrowest section,
difficult problem that has been recently addressed withirkc IS the radius of curvature ang describes the degree of
self-consistent tight-bindirf§ and ab initio local-densit§®  anisotropy of the elliptical cross section. We may also define
calculations. For gold contacts and small bias<( 0.5 ), [N this case an opening ange™ given by

the potential drop was found to be approximatelly symmetric e

(B~1/2) ® Interestingly, as a consequence of asymmetries tarf(0)=(VA/m)/Re. (10

in the local-density of states, the potential drop at higher bias
can be highly asymmetricA~1) even for geometrically ca
symmetric contacts.

Under the assumption of quasiadiabatic transptrt;>%4° [ ) p( a7 AIND) (el Er) — fnm]) ] -1
+ ex

9(e,V) only depends on the energy difference between the Tyn(€)= tan o)
incoming electrons and the bottom of the electrostatic poten-

The transmission probability of the,m channel can be
Iculated exactly in closed form and takes the simple form

tial, i.e., g(e,V)~g(e+ B eV). Thus we obtain for the con- 1y
ductance with eqm=(n+ 1/2)/\/7—7+ \/7—7(m+ 1/2). We take a constant
value »=0.668 in order to break the channel degeneracy
I 1 (Eg+Bev  _ (this is known to be a good approximation for gold
CV)=y~av g(e)de. (6)  contactd’). The qualitative results will not depend on the
eVJee—(1-pev

exactn value, however.

Under the same approach the differential conductanee
then given by the weighted average of two zero-voltage con- IIl. RESULTS AND DISCUSSION

ductances at different effective Fermi enerdﬁ‘és: A. Conductance versus differential conductance at finite bias

~ ~ Although for very small bia& andg are exactly the same
9(V)~BY[EF+ B eV]+(1-B)g(EF—(1-B) eV). quantities, there are strong differences at higher bias. In or-
@) der to emphasize these differences in Fig. 2 we have plotted
As expected, in the limit of zero bias, Eq§) and (7) re- the current _and_ bothg anng versus the app!ied biag for
cover Landauer's formula a contact with fixed opening angte=10° at different cross
sections. Figure (®) shows the characteristic evolution gf
5> N(Ep) versusV for 8= 1/2. The evolution from quantum plateaus at
G(V—0)=g(V—0)=g(Eg) = — 2 T.(Ep). (8) integer multiples ofG, towards half integer values can be
h 5 clearly seen. Nonlinear effects change in a noticeable way
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FIG. 3. Differential conductancg and conductanc& in units
of Gy versusV for different sectionsA of the three-dimensional
constriction shown in Fig. 1 witl#=10° andB=1/3.

FIG. 2. Current intensityl (a), differential conductancey
=dl/dV (b), and conductanc&=1/V (c) (both in units ofGy),
versus voltageV for different sectionsA of the three-dimensional
constriction depicted in Fig. 1 witll=10° andB=1/2.

difficult task® A qualitative picture, however, can be ob-

g(V) for voltages larger than 0.Ez /e (i.e., 0.8/ for gold).  tained from the model system discussed above, together with
In contrast, the behavior of the conducta@gsee Fig. )] an effective elongation paﬂ‘? Let us assume that, for small
does not show this evolution to noninteger multiplesGyf  contacts, the cross sectignfollows an almost exponential
and the quantum plateaus gradually disappear. dependence with the displacemenirhe actual evolution of

The effect of a possible asymmetry in the potential dropthe contact geometry with elongation does not correspond to
across the constriction is illustrated in Fig. 3 where we have constant angle but, in general, would be a nontrivial
plotted bothg andG versusV for = 1/3. At very small bias, function §(A) which will change from one contact to
the asymmetry induces a linear dependence of the conduenother? In a typical experiment the conductance versus
tance withV (except very close to integer multiples of the elongation curves present conductance plateaus which, in
conductance quantumAt higher bias, the quantum plateaus general, do not correspond to exact integer multiple& gf
in g evolve gradually towards new plateaus atH1/3)G, Repetitive cycles of elongation-retraction processes usually
(V>0) and (i +2/3)G, (V<O0) following Eq.(7). Asitwas  give similar stepped curves but with plateaus at different
shown for 8=1/2 the conductanc& does not present any conductance values, i.e., the stepped conductance curve
plateau at nonintege®/G, values in the high-voltage re- change from one experiment to another. This is schemati-
gime. cally illustrated in Fig. 4 where dashed line and thin continu-
ous line would represent two different single experimental
realizations in a typical elongation-contraction proge$te
effective elongation path would correspond to the experi-

In metallic contacts, the behavior of the conductance withmental average of many individu@ vs d curves(thick line
elongation is a stepwise curve. In general, the position of then Fig. 4). This effective path can be estimated as follows:
steps and the conductance plateau value change from ométhin the SPC model, the radius of curvature of the contact
experiment to another. However, and notably for noble metR/\g should be of the order of or larger than 1 in order to
als such as gold, copper, and silver, plateaus tend to appelave no unphysical tunneling contributions to the conduc-
close but slightly below integer values &,. This is evi- tance(actually, in metallic contactR: should be larger than
denced in the histograms as peaks near, but slightly belovan atomic radiuss\g). For simplicity, we consider an ef-
integer values ofG,. This has been explained in terms of fective path at constaR-=2\¢, being the effective path
structural disorder making transmission coefficients deviat&(A) given by Eg. (10) (the results will not depend—
from perfect transmissioff:*° qualitatively—on the exact dependencefobn d). Assum-

A detailed theoretical description of the mechanical andng that the contact can take any section along this path we
electrical properties of the contact during elongation is a verybtain the conductance histogram shown in Fig) Snotice

B. Conductance histograms
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FIG. 4. Conductance in units &, as a function of the contact 02
elongationAd for an effective elongation path with constaRg 0.0 * : : & -
=2\ and zero biagsee text The dashed line and thin continuous 00 04 02 0.3 04 03
line would represent two different single experimental realizations eV/EF
in a typical elongation-contraction process. The thick line repre- FIG. 6. Experimentala) and theoreticalb) bias dependence of
sents the average conductance along the effective path. the normalized peak height for the firsG} peak(closed circles

and for the second @, peak (open circley of the conductance

that at zero bias the histograms @fand g are exactly the histogramsH(G). The peak heights are normalized at their values
samg. Despite the simplicity of the model, the obtained his-atV=0.1E¢.
togram at zero bias is very similar to the experimental histo-
grams for Au contacts. Although experimental conductancenentally and thus represents a good starting point to include
histograms present a rich structupeaks asymmetry, peaks voltage effects. Most of the experimental studies are con-
displacements towards lower values, gtice important point  cerned with histograms at low biases. Recently, Yasuda and
in this study will concern the height of the histogram peaks Saka?®*” have obtained a strong dependence of the conduc-
The relative peaks height obtained with our effective elongatance(G) histogram peaks with the applied voltage. As we
tion path approximation is rather similar to that found experi-are going to show, our simple model can qualitatively ex-
plain their experimental observations.

10" : The behavior ofg and G histogramg H(g) and H(G)]
: ‘ | @] ] changes completely for finite bidBigs. 5b) and Zc)]. AsV
100 | ev:b increases, the peaks at integer multiple§sgfgradually dis-
: ] appear, except the first one which remains at high voltages.
12 L \/\J\ 1 In H(g) new peaks at half integer values can clearly be seen
S~ for V>~0.3E¢. In contrast,H(G) do not show traces of
10 ‘ conductance quantization abowe0.4E; (for gold contacts,
‘ ! 1] Er~5.5 V). Except for the behavior of the first peak a4,
20 eV=02E, ] the agreement with the experimental result$&distograms
£ , : of Yasuda and Sakai is remarkable. In order to make the
g \j\\\—\t ] comparison more quantitative, following Ref. 37, in Fig. 6
w 10 B we have plotted both the experimental and theoretica(b)
, heights of the first and second peakHr{G) versus the ap-
10 \ ; plied biasV [the peak height is measured with respect to the
[ (| | background inH(G)]. The qualitative agreement between
10 eV=04E, : theory and experiment suggests that the dissapearance of
t , peaks atG larger than Gy may be partially explained in
100 ¢ - — terms of nonlinear effects in the ballistic conductance. The
; faster decrease in the experimental peak heights together
10| with the absence of the first peak at high bias could indicate
o 1 2 3 40 1 2 3 4 that effects like atomic diffusion and electromigration by
g G current-induced forc8$°3 may also play an important role.

FIG. 5. Differential conductancg and conductancg (in units ~ 1hese effects would lead to fluctuations of the conductance
of G,) histogramg H(g) andH(G)] obtained from the effective (contact cross sectigrwith time. If the experimental time
elongation path sketched in Fig. 4 at different bi@,eV=0, (b) window used to measure a conductance value averages it
0.2E¢, (c) 0.4E¢ . The potential drop is assumed to be symmetricbetween different cross sections the peak structure of the
(B=1/2). histogram would disappeat As a matter of fact, the experi-
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10 : : - : : gating modes. Nonlinear effects induced by the bias voltage
}‘ ‘ i V applied between the two electrod@dectronic reservoijs
» | ‘ have been included assuming a quasiadiabatic representation
_‘é y | H W\ for electron transport, obtaining explicit dependencesGor
S T - _ and g on V. Histograms calculation involves basically one
10 D ingredient: the knowledge of the nanocontact geometry time
eV=04E, evolution. We have used two approximations to describe this
10" | evolution during the metallic nanowire breakage experi-

o 1 2 3 40 1 2 3 4 ments. On one hand, we have described the geometry of the

g G contact using a saddle-point conta8PQ model where the
main geometrical featurésinimum cross section and open-
ing angle are easily included. On the other hand, the nanow-
ire dynamics has been averaged giving rise to an effective
elongation path.
The main result is that histograms of conductahi{&s)

mental behavior of the height of the first peak changes abov%nd differential conductance(g) markedly differ for in-

~1.5 V (see Fig. 4 in Ref. 37 which could indicate a bias creasing applied voltages. The histograi(G) losses its

threshold for voltage induced electromigration. Therefore,F)eaked structure at voltages0.2E whereasH(g) keeps its

histogram evolution under increasing applied bias has twétsrlsjg;[::.rae”u‘)fﬁ tﬂg?(z;g;lg?e;' ;héitizgrencenh(fmt_o do
different regimes: a first one governed by nonlinear effect$ SSentally wi Ict uetur iceddi) i

and a second one where electromigration plays a more imparison to thgt found "G(V.)' In this last case, the' average
portant role. Each regime should show its own rate of peal?ver many different nanowire breakage paths rapidly smears

height decrease as might be extracted from the experimentgpt the peaked histogram. This evolution witfagrees with

data. It would be interesting to study the peak height behaV(_experimental observations, although some interpretations of

or as a function of temperaturghe only available resuts 00 R B IS B B T S e e o
correspond to room temperaturéince electromigration is P gion.

also a thermal activated process, we expect a shift of th ifferent explanation is provided_, baseql on nonlinear con-
threshold bias towards higher values. This trend with tem- uctance effects that appear for increasing voltages. Our ex-

perature in experimental data can be seen when inspectirﬁanation does not exclude electromigration contributions at
Fig. 4 of Ref. 36 where the rate at which conductance histo- gh voltages. In fact, experimental histograms reflect the

gram peaks disappear strongly depends on the temperatuF‘E?(.iSten.Ce of two voltage dependence regions with'diﬁere.nt
In particular, we expect that the experimental curve shown i eak disappearance rate. The histogram structure in the first

Fig. il ch t t t t ds the th _voItage interval should be governed by the appearance of
o:getic?(aell) ;;I;/:a diCcti?)r;gesﬁ ov(\)/\lgv?r: Ifiglgo@fara ures fowards the the nonlinear effects orG(V). Above a threshold voltage, the

We would like to point out that there is another factor thatelectromigration contribution washes out the peaked struc-

may prevent the observation of peaks at high bias, even i re.

H(g). Let us suppose that for some reagparticular geo- dlnt_orderttrt])_ crllar|f31tthe aC(;.L;?I O”?'E. fgr thfe histogram tdeg-
metrical arrangements, chemical environment,) étee po- ragation at nigh voltages diterent kinds ot experiments can

tential drop along the nanocontact is different for each ex—be pro.posed. For Instance, accumulate h|stograms fqr(Both

perimental realization. In that case, the resultingar.1dg n order.to see if the corresponding dggradatlon r.ate
experimental histogram would be an average of histogram@”th volt_age differs or not. In the same fashion, Interesting
having differents factors. In Fig. 7 we have plotted that mformatlon could be gathered_from controlle_d environment
histogram assuming a uniform distribution gfvalues be- experiments, where surrounding substancess glycerin,

tween 0 and 1. As it can be seen, the final histogram is verﬁtc) will hinder diffusive contributions.
similar toH(G), i.e., it does not show any peak other than ACKNOWLEDGMENTS
that corresponding to the first quantum.

FIG. 7. Differential conductancg and conductanc®& (in units
of Gy) histogramg H(g) andH(G)] obtained from the effective
elongation path sketched in Fig. 4 ¥t=0.4E., after averaging
betweenB3=0 andB=1.
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