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In this work we present experimental results concerning conductance quantization at room temperature in
metallic nanowires. The experiments are performed both at ambient presure and in ultrahigh vacuum using
scanning tunneling microscogTM)-like devices. Both microscopic and macroscopic electrodes are used.
The obtained results are independent of the electrode size, indicating that nanowires form at the last stages of
the contact-breakage process, independently of the initial size and shape of the contact. In addition, we study
(a) the stability of the nanowires, finding their lifetimes remarkably long, on the order of min{teshe
I-V curves for different quantum channe(s} nanowires formed and visualized using a STM inside a scanning
electron microscopéSEM); (d) the statistical behavior of the conductance, sampling tens of thousands of
consecutive conductance experiments, showing clear quantized peaks up to five quanta of conductéce; and
the length of the conductance plateaus, that might indicate the chaotic behavior of the quantum states formed
at the nanowire. The statistical study of the conductance plateau lengths shows a broad Wigner-like distribution
with an average value of 0.13 nm for the first quantum channel. This is at variance with a constant length,
predicted and experimentally observed, in the plateaus between force ji80A63-18207)00207-3

[. INTRODUCTION Recently?’ it has been found that the same quantization
features appear in conductance experiments where two mac-
The conductance through a small constriction in a two-+oscopic wires are placed in contact, and the formation and
dimensional electron ga&@DEG) is quantized when its  breakage of the contacts is produced by making them vi-
width varies, being the quantum of conductancebrate. With this simple experimental technique, CQ has been
Go=2€e?/h, wheree is the electron charge ardthe Planck  observed for a wide variety of metallic macroscopic contacts
constant. The study of electronic transport through small meunder different environmentgair, liquids, and ultrahigh-
tallic and nonmetallic contacts has been a topic of increasingacuum(UHV)]. These results, revealing the quantum nature
interest for some time. The future of communication andof the conductance at the latest stages of the contact break-
information processing technologies depends on the use @ge, and obtained with the use of macroscopic electrodes, are
nanometric and submicrometer integration as an essentiaidistinguishable from those obtained with other experimen-
tool? Theoretical studies of the electronic conductancetal techniques based on the contfula piezodisplacement
through nanometric-sized systems have already been carri¢gchniques of the separation of a sharp electrode. This
out, including studies about their relationship with quantiza-proves that, independently on the initial contact area, at the
tion and localization phenomena;*®~!as well as their me- latest stages of the breakage of a metallic contact, only a
chanical propertie&?~*° small bridge of nanometric dimensiofrsanowirg is present.
With the advent of the scanning tunneling microscopeThis process is probably due to the formation of nanoscopic
(STM) (Ref. 16 and several related techniques, it becamethreads at the last stages of the contact thin-out process; only
possible to study with extreme accuracy the transition fronone remains at the very end.
tunnel to contact regimes when two metallic electrofegs In the present paper we analyze more thoroughly the
and sampleare approached. Since then, the STM has beenontact formed between two macroscopic wires using
widely used to study the phenomenon of conductance quamiezodisplacement techniques based on STM methods. We
tization (CQ). This was usually performed by driving a STM have been able to stabilize these nanometric-sized contacts
tip into a metallic sample and then pulling it out. During this during time scales three orders of magnitdseveral hours
process a nanowire is formed, making it possible to measurkigher than previously reported measurements, characteriz-
both electricaP!’~*® and mechanica?! properties. Con- ing its electronic behavior with unprecedented accuracy.
ductance experiments have been performed with the méAe observe and study the nonlinear contribution tolthé
chanically controllable break junction technigfié>as well.  characteristic curves. Interesting statistical results on nano-
Switching behavior has been also induced between tunnelingontacts formed with STM are presented. A statistical analy-
and ballistic transport regimes by repeatedly bringing asis of the length of the first conductance plateau provides
sharpened nickel wire into contact with a gold surf&e. information about the correlation between force jumps due
These approaches conclude that, at low and high temperée atomic rearrangements and conductance jumps due to
ture, CQ occurs for several metallic species forming thehe change of the number of electronic levels in the
contact. constriction.
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FIG. 2. Experimental setup used to visualize contacts between
macroscopic metallic electrodes inside a scanning electron micro-
b scope(SEM).

FIG. 1. (8) Experimental setup used to study the nanowire for-
mation between macroscopic metallic electrodes in UHV at(®JT.
Schematic representation of the last stages of the contact breaka

separation processes between two macroscopic metallic
wires are controlled with piezoelectric actuators. The setup is
giﬁaced inside a scanning electron microscépEM) cham-
ber, making it possible to visualize the different stages of the
Il. DESCRIPTION OF THE EXPERIMENTAL SETUPS formation and breaking of the metallic contacts. These stud-
ies are carried out under normal SEM vacuum conditions
In order to achieve control on the formation of nanocon-(10-7 Torr). Our SEM investigations include the character-
tacts, we used three different approaches. The first one cofzation of the chemical composition of the contact region
responds to a conventional homemade STM setup, where thgith an energy dispersive x-ray spectromeEDX).
current flowing through the contact, during a tip indentation- Independently of the setupnder UHV or in aif the con-
retraction cycle, is continuously monitored with a current-gyctance measurement has been performed with two differ-
voltage converter connected to a digital oscilloscope. Withent techniques. One measures the current through the contact
this setup, and driving th& piezo with a triangular wave, jth a current-voltage I€V) converter with 18 gain, 1us
several thousands of current decay curVespresenting (ise time, and a 3¢s settling time. The other is even simpler;
nanocontact breaking procesgean be measured in an hour. the cyrrent through the contact is measured as a voltage drop
This huge amount of data improves previous statlstlc_alhrough a 1-K) resistance placed in series with the contact.
analysis of conductance curves, making it possible to builgsopth measurement techniques give identical conductance re-

histograms with up to 1 000 000 single measurements. g jis.
Our second setup is schematically depicted in Fg).1n
this co.nflguratlon we tried to obtain maximum contro.I of t_he Il CONDUCTANCE MEASUREMENTS
formation of nanocontacts between two macroscopic wires.
We placed two macroscopic metallic wirésaving diam- Figure 3 displays three nanowire conductance measure-

eters larger than 10@m) within an UHV chamberwith a  ments performed under different experimental conditions.
typical pressure of 10 Torr). The separation between the Figure 3a) shows a typical conductance experiment obtained
macroscopic wiregenclosed by a circle in Fig.(d8)] is con-  with a homebuilt STM at RT and in air with a gold tip and a
trolled by a commercial inchworm and conventional STM gold sample. The stepped behavior of the conductance is
piezoelectrics, which allows us to control the movementwell defined. Figure @) shows a conductance decay mea-
along thez direction, whereas it is possible to control vertical surement when two macroscopic gold wif@$0-um diam-
and lateral displacementsom A to cm) with the combined  eter, and 99.9% purilyin UHV at RT are separated, break-
use of two quartered piezotubes and a step motor. This UHVhg the contact. This experiment has been performed within
system has been suitably isolated from external mechanicé#he UHV chamber described in Fig(a). Displacement con-
vibrations. Previous to the measurements, both wire surfacedsol in the nanometer range allows us to bring the electrodes
were cleaned, heating the wires up to 600 °C in UHV. Allinto contact, recording simultaneously the current flowing
the experimental data presented in this work have been athrough them. Once the contact is established, the electrode
quired at room temperatuf®T). displacement is reversed and the formation and later elonga-
A third setup is shown in Fig. 2, where the approach andion of the nanonecKsee Fig. 1b)], breaking eventually,
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3 b Maz&‘i’;"s"p'c 58 mental point of view. For instance, it is possible to study the
5 28 Thi 14 8 formation of nanocontacts in liquid systems, driving a liquid
- 21 3% metal(mercury or liquid tin in and out of a metallic tip until
14 H 2 ?N the formation of a contact. Figure 5 schematically depicts
7 5 12 this experimental setup. In Fig(& we show conductance
0 0 measurements for mercury nanocontacts, where clear con-
0.0000 0.0001 0.0002

Time (8) ductanc'e steps appear when driving _the tip into contact with
the liquid metal. Similar characteristics are obtained when

) measuring the conductance for liquid tiat 300 °Q, as
FIG. 3. Examples of contact breakage conductance experimentshown in Fig. 6b). In general, we find that liquid contacts

using different experimental setuis) STM in air, (b) UHV cham-  reqant fewer plateaus than those found in solid metallic con-
ber depicted in Fig. 1 andgc) vibrating macroscopic wires. The

i _ ! tacts. However, these plateaus are more pronounced. These

potential difference between electrodes is 90.4 mV in all cases. experiments indicate that liquid systems present conductance
characteristics similar to those of metallic solid systems at

appears as a change in the conductance in well-defined steffi¢ nanometer scale.

corresponding to thee€®/h quantized value. For the sake of

comparison, Fig. @) displays a conductance experiment ob- IV. HIGH STABILITY NANOCONTACTS

tained with a very simple setup: two macroscopic gold wires, AND SWITCHING BEHAVIOR

0.6 mm in diameter, vibrating close to the contact position  aAg shown in Sec. lll. when two Au wires initially sepa-

after a mechanical perturbation. During the separation progaeq, are brought into contact after a controlled approxima-
cess there is clear evidence of the formation of nanocontacts

with marked conductance quantization featiffes.

Notice that there are no substantial differences among Micrometric -
curves obtained with the different approaches shown in Fig. Screw
3, indicating that the conductance quantization is a rather
general phenomenon associated to the breakage of macro-
scopic and microscopic contacts. To illustrate this point fur- [V converter
ther, we have performed a statistical analysis of the conduc-
tance using a huge number of STM conductance
measurements, building the corresponding conductance his- .
togram. This histogram, obtained from 18 000 consecutive Liquid

Nanowire
conductance curves obtaineq wi?h aSTM segmd tip and Liquid
gold sample at RYis shown in Fig. 4. This curve has been Metal

obtained without discarding any conductance curve measure-
ment, avoiding any kind o& priori argument to build the FIG. 5. Scheme of the experimental setup for conductance quan-
histogram. This proves the massive production of nanowiregzation studies in liquid metals. A micrometric screw is used to
with CQ behavior. control the tip displacement.
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FIG. 7. Switching behavior observed in gold contacts in UHV at
RT. (a) Transitions between 0 and one quantum chaniiielsran-
sitions between 0 and two quantum channels.

(b) Liquid Tin

I(A)

measurements are performed at RT. A similar switching be-
havior has been observed using a Ni tip and a Au sample in
a STM configuration at 4.6—8.6 K, on the ms time sééle.
After this switching behavior, an inchworm step usually
0.0 0.2 0.4 0.6 0.8 produces the formation of a stable contact involving a huge
Time(ms) number of conduction channels. In our experiments, the cur-
rent window is limited to 14QuA. The current versus dis-
FIG. 6. Conductance experiments showing the evolution of theglacement characteristics measured in the excursions in and
current and the conductance at the first stages of the formation of gyt of the contact are hysteretic, similarly to what has been
liquid metal contact. The contact forms bgtwgen_ a cooper wire angpserved in STM experiments. This hysteresis made it some-
(@ mercury (at room temperatuyeand (b) liquid tin (at 300°Q.  pow difficult to stabilize the current inside the experimental
Th.e .applled bias voltage between tip and the metallic liquid reseryindow, although, after several approaching-separation pro-
voir is 90.4 mV. cesses using smaller inchworm ste@snm) and quartered
piezo tubes, we finally managed to obtain a stable current.
Concerning the approach procedure, it should be mentioned
tion between them, it is possible to form a small contactthat the lower the voltage difference between the macro-
corresponding to a relative low number of eigenstatescopic wires, the lower the hysteresis in the contact—non-
through which the electronic ballistic transport takes placecontact transitions, and the easier to stabilize the current
In this section we describe how the UHV setup is used tawithin the experimental window.
study the evolution of the current during the approach and Once stabilized, we observed a constant current for sev-
separation of two macroscopic wires. Once the contact igral hours. This corresponded to a single metallic contact
established, we observe that it remains stable for a long timavolving a few conductance levels. This means we improve
(up to hourg, and that, we need large inchworm displace-the stability reached by standard STM techniques by more
ments & 1um) to break it. In our opinion, the high stability than three orders of magnitudd’~°at RT.
is due to two extrinsic factors: the excellent mechanical iso- In general, only external sources of mechanical néfise
lation of the UHV chamber, and the intrinsic isolation pro- instance, a small inchworm displaceméainm), door bangs,
vided by the configuration of the macroscopic electrodesetc) change the conductance once stabilized. In these cases,
where one electrode is a wire free to bdisge Fig. 13)]. either the contact breaks totally, or the conductance presents
This is an important factor, since we have observed that cora clear jump between two quantized values, indicating a
tacts formed between rigid wires are less stable. change in the contact section. In Fig. 8 we display the time
At constant voltage, the current flowing through the con-evolution of the current for three selected nanocontacts, with
tact is continuously monitored during all approach and re-a clear evidence of this kind of transitions due to mechanical
traction processes. On approaching the wires to contact inclwibrations. Figure 8) shows a contact initially stabilized at
worm steps, we are able to reach a position very clabeut G=3G,, followed by a jump toG=G, due to a door bang
nm) to the formation of a nanocontact. Under this situationin the lab. Figure &) presents a more marked jump between
we observe conductance switching between 0 afid @inits 22 and six conduction channels. This was due to a step close
of 2e?/h), as shown in Fig. ®). This switching behavior to the UHV chamber. In Fig.(®) we show two conductance
has also been observed between 0 and 2 conductance charansitions; one from nine to five, and a second one from five
nels [Fig. 7(b)]. Notice that the time scale on which this to seven conductance channels. Notice the time scale in
phenomenon occurs is of the order of seconds, and that theég. 8.
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FIG. 8. Conductance transitions due to mechanical instabilities
for gold nanocontacts in UHV at RTa) Transition from three to
one quantum channelg) Transition from 22 to six quantum chan-
nels. (c) Transition from nine to five and to seven quantum chan-

nels.

V. INTENSITY-VOLTAGE CHARACTERISTICS

High stability nanocontacts allows the measurement of

[(V)=1(V)+1y(V)=a;V+a,V2+agVe, (1)

wherel (V) is the value of the current ipA, V is the ap-
plied voltage in volts, andl, and |, are the linear and
no-linear contributions, respectively. This nonlinear compo-
nent is represented in Fig. 11 for some of th& curves
shown in Fig. 1Qone, two, three, and six channglshowing

that the nonlinear character does not depend strongly on the

their |-V characteristic curves. A triangular potential differ-
ence is applied to the contaee the inset in Fig.)9with a
time period ranging from 0.1 to 50 s, recording the current
simultaneously. As an example, in Fig. 9 we present experi-
mental current data as a function of time for a gold-gold
nanocontact with a conductance corresponding to four quan-
tum channels. There are two features we would like to stress.
First, the static value of the current prior to the ramp in
voltage corresponds in this case to four quantum channels.
Second, natice the current nonlinearity for values of the ap-
plied voltage larger than about 100 mV.

We have performed extensive measurements and analysis
of thel-V characteristic dependence on the quantum channel
number. In Fig. 10 we plot a series bfV characteristic
curves obtained for the same contact at different stédjés
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present a well-defined linear behavior for contacts havingy n.
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FIG. 11. Nonlinear part of thé-V characteristic of gold nanowires in UHV fda) n=1, (b) n=2, (c) n=4, and(d) n=6 quantum
channels.

conductance channel. In Fig. 12 we plot the coefficients  origins of this behavior are connected with Coulomb block-
a,, anda, for another series of measurements. As observedade phenomena in small conducting systems, or the special
a,<az with az nearly independent on the conductance chaneonducting properties of Luttinger liquids.
nel. We find thataz=1500+ 150 (averaging over all the
measurementsThese considerations indicate a more cubic-
like behavior of the nonlinear component of th&/ curve.
Notice that thel-V curves do not reflect the existence of Conductance measurements provide useful insight when
changes in the slope with a valueesfh as reported in STM  studying nanocontacts and, as mentioned above, point out to
measurements using a tungsten tip and a gold subdfrate. the formation of connective necks between the electrodes. A
In order to analyze in detail the nonlinear component ofdirect observation of the contact structure is then of consid-
the |-V characteristic curves, we have assumed tRatV) erable interest. In order to show the existence of these nano-
can be fitted to a potential lapVY. Figure 13 shows this contacts, we have carried out a set of experiments where the
exponentg for a wide set of measurements. Notice that themacroscopic electrodes are approached with piezocontrol in-
value of the exponernq spreads out over a range of values side a SEM. After a contact is produced, surface modifica-
between 2 and 4; however, a statistical analysis of these datmns appearing at the contact region when separating the
reveals(see the inset in Fig. 23 more cubiclike behavior, electrodes are visualized, and the setup is shown in Fig. 2. In
being the average exponegy=2.93+0.15. this series of experiments silver wires, 0.25-mm diameter,
Therefore, since the nonlinear component is almost indehave been used.
pendent on the nanocontact conductance, whereas the linearOur SEM analysis reveals the existence of small nanocon-
part obviously increases with the number of propagatingacts formed between the macroscopic metallic electrodes.
channels, the linear behavior quickly becomes dominantyVe observed many of these nanostructures in Ag contacts,
and, only for contacts with low conductance values, the nonpresenting both irregular and smooth shapes. The SEM reso-
linear contribution becomes noticeable. The most plausibléution only allows the visualization of the nanoneck at early

VI. NANOWIRE VISUALIZATION
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evolution stages on breaking the contact. However, the ob-
tained images point unambiguously to the formation of a
connective neck between electrodes. In Figal#e present
one SEM micrograph of a silver nanocontact. The image
shows a contact with a length of 800 nm, and a minimum
diameter section o300 nm. We have performed EDX
chemical analysis in this metallic bridge formed between
macroscopic wires, detecting a large Ag sigffah. 14b)].

No traces of contaminants like carbon, oxygen, etc. were
found, indicating that the nanocontact material comes from
the macroscopic wire electrodes. Similar nanocontact images
have been found with Au and Cu electrodes. This series of

r-'r"”r‘““‘|““r“‘“r“‘r‘“rj“r—r“

04 KLM markersforZ=47(Ag) >

experiments clearly demonstrates the existence of nanoco
tacts appearing when two macroscopic metals separate. P
liminary transmission electron microscogfEM) images

carried out in our laboratory reveal also the existence of )

these nanocontacts down to width scales of the order of 1—
nm.
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FIG. 13. Power-law fitting result of the nonlinear part of several
I-V characteristics of gold nanowires in UHV at RT. The inset

n- FIG. 14.(a) SEM image showing a nanocontae800-nm width

fetween macroscopic silver wirg®) EDX chemical analysis per-

formed on this metallic “bridge” with an ultrathin window energy

ray spectrometer showing a large Ag signal. No signal from con-
minant elements was detected. Small peaks are due to the sample
Ider. The probe size used during this analysis w&90 nm.

VII. DISTRIBUTION OF STATES
AT THE NANOWIRE CONSTRICTION

In the previous sections we analyzed some properties con-
cerning nanocontacts formed between macroscopic elec-
trodes, showing that our technique provides very stable
nanocontacts, and thatV characteristics can be measured
over long-time scales. In addition, we demonstrated that
these nanostructures are present when a macroscopic contact
breaks, and that they exhibit well-marked conductance fea-
tures. In this section, we address a different problem. We
analyze statistically the length of the conductance plateaus.
To carry out these measurements, we have used the STM
setup, with controlled electrode approach and separation, at
89 000 A/s, at RT and in air. We stored 3200 curves, char-
acterized by well-defined quantized conductance stifjose
conductance curves with clear plateaus GfGy=1,2,3.
Since the separation speed is known, we determine the elon-
gation corresponding to each plateau, and analyze statisti-

shows the histogram of the exponents, revealing the cubic deperally the distribution of such lengths. In Fig. 15 the histo-

dence of this nonlinear part.

gram of elongations corresponding to the first conductance
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tions in order to study them from this point of view. We have
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] used a Wigner distributiofsolid line in Fig. 15
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B 200 7 wherea is a fitting parameter. This law is followed by the
100 -] distribution of energy changes in quantum chaos problems

(as the Stadiu? and Sinai's billiard® problems. On the
R I B L R R other hand, we know that for integrable systems, with more
0o 1 2 3 4 5 6 than one degree of freedom, the distribution should be de-
Ax(A) scribed by a Poisson-likelashed line in Fig. 15law*?
X

FIG. 15. Histogram showing the distribution of the duration of P(x)=Dbexp(—bx), S

the first conductance plateau for contacts formed between a gold ) o

macroscopic wirél-mm diameterand a gold plate, at RT and with D being the corresponding fitting parameter. In order to de-

an electrode separation speed of 89 000 A/s. The solid line reprdermine the parametees andb associated with both distri-

sents a Wigner distribution fit with parametar2.36+0.09 (see  butions(Wigner and Poissgnwe fitted our data to the cu-

text). The dashed line is a fit to the Poisson distribution with amulative probability N(x) = 5P (x)dx, since N(x) has a

fitting parameteb=0.81*+0.04. smooth behavior and does not depend on the bin size.

Clearly, the experimental distribution does not correspond

to the Poisson type, as expected for circular constriction

. 0’32 . . . . .
plateau is displayed. It is clear that the elongation distribuSections’®* However, the Wigner distribution fits well the

tion is very broad. The average value of the distribution€XPerimental histogram shown in Fig. 15. This fact supports

shown is 0.13 nm, close to the gold interatomic distance?he idea that the energy-level spectrum of the nanocontacts

%eresponds to that of a quantum chaotic system. Further-

This average value decreases to 0.11 nm for the second co : —
ductance quantization level, and to 0.10 nm for the thirdTOre: the pIategu length h|§togram ShOV.VS a broad distribu-
conductance quantized Ievei tion of lengths, in contrast with the force junipshat are at

These results are at variance with previous experimentgonStant length. Our data then suggest that the conductance

based on STM setug&?!in which atomic rearrangements Steps are not only due to sudden changes in cross section, but

during nanowire pulling processes are detected at weli@lso to the pinching off of states at the constriction in a

defined elongation values, with narrow length distributions continuous way 42

Furthermore, the dependence of the elongation distribution

(or elapsed tim@son the conductance value seems to be VIIl. CONCLUSIONS

consistent with conductance jumps caused by the decrease of

the nanocontact section under a uniform pull, instead of con- Summarizing, electrical and mechanical properties of me-

ductance jumps caused by atomic rearrangements_ tallic nanocontacts have been studied with minOSCOpiC and
To show that this kind of histogram can be interpreted inmacroscopic electrodes and different experimental setups.

terms of the separation between electronic levels of the\ll involve the controlled approach and separation between

nanoneck, we propose a very simple model. Consider a Cynetallic electrodes. Controlled experiments with gold wires

lindrical neck with volumeV=Sx1 (S being the neck sec- N vacuum conditions are presented. The nanocontacts

tion andl its length, and assume that the electrodes separatformed between macroscopic electrodes can be visualized by

with a constant velocityin our experiments a linear voltage SEM. These nanocontacts exhibit a high stability, allowing

ramp drives the pie2oThe section varies &1/ assuming Mmeasurements of currents flowing through nanocontacts dur-

a constant neck volumé.For the two-dimensional section, iNg hours. These high-stability features have been used to

the energy of the last allowed electronic level is rougBly Measure the-V characteristic curves, showing the impor-

«1/S. Thus, in this simple model, the variation of the energytfince of nonlinear effects in contacts involving few condgc-

level with length isExI. In other words, by measuring con- tion channels. The study of the§6/ curves opens_theoretl—

ductance plateaughe length between two subsequent con-cal challenges that probably will be understood in terms of

ductance jumps we measure the distribution of the Separa_electron-electron interaction effectg.. The distribution of pla-

tion in energies of nearest-neighbor quantum level€y. teau I.engths,_ ar_1d the corresponding conductance steps and

This simple model also predicts that the higher the conducforce jumps, indicate that these two events do not correspond

tance value the shorter the elapsed time in its associated plBiunivocally.

teau, as experimentally observed. If the results shown in Fig.

15 are interpreted in terms of t.he'pro'posed model, the'distri- ACKNOWLEDGMENTS
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