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Dynamic evolution of the connective neck in Al and Pb mechanically controllable break junctions was
studied during continuous approach of electrodes at bias vol¥ges to a few hundred millivolt. A high
level of power dissipation (10f—10 3 W) and high current densityj &£ 10'° A/lcm?) in the constriction lead to
overheating of the contact area, electromigration, and current-enhanced diffusion of atoms out of the “hot
spot.” At a low electrode approach rate-10—50 pm/$the transverse dimension of the neck and the conduc-
tance of the junction depend &£, and remain nearly constant over the approach distance of 10—30 nm. For
V,>300 mV the connective neck consists of a few atoms only and the quantum nature of conductance
manifests itself in abrupt steps and reversible jumps between two or more levels. These features are related to
an ever changing number of individual conductance channels due to the continuous rearrangement in atomic
configuration of the neck, the recurring motion of atoms between metastable states, the formation and breaking
of isolated one-atom contacts, and the switching between energetically preferable neck geometries.
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[. INTRODUCTION always correlated to mechanical force relaxations and thus,
to atomic rearrangements.

Electron transport through nanometric-sized systems has Since atomic rearrangement plays a key role, one would
been a subject of intensive research over the past decade r@tpect a perceptible dependence of conductance curves on
only because of its obvious technological importance, butemperature. Rather surprisingly early STM measurements of
primarily due to fascinating effects of fundamental interestSirventet al*° carried out at temperatures of 4, 77, and 300

related to the quantum nature of the conductance through K Produced histograms with practically no difference in
few atom metallic contacts. shape and position of conductance peaks. On the other hand

These phenomena were sought mostly in the singléhe only measurements performed on AL_J and Cu MCBQ at
svalence metals using the mechanically controllable break®°™m temperatufediscovered more prom_ment structure in
junction (MCBJ) technique in point contacts of submeso- e h|stograms than at 4.2 K. It was gxplalned by the fact that
scopic sizé~4 and nanowires(long connective necks be- at higher temperatures the connective neck reaches an ener-
tween the tip and the sampléabricated using a scanning gepcally favorable geometry more egsny. This dlscrepgnqy
tunneling microscopgSTM).>8 More recently this effect might be caused by the high retraction speed of the tip in

; inated | b 4 vibrati STM measurements (3010* nm/s) which is 4—6 orders of
was |Qvestlgate In contacts etween two crossed vi rat'nﬁwagnitude larger than the electrode approach rate in MCBJ
wires? gold-plated wafer, and gold pifiand even in com-

; X D ; experiments.
merC|z_1I and hom_e-bunt relay$:*2 In aI_I these techniques a Room-temperature measurements with MCBJ impose
metallic contact is formed by pressing two electrodes to‘heavy demands on temperature stability of the setup and re-
gether. During the subsequent separation of the electrodggjire an ultrahigh vacuum environment to avoid contamina-
the conductance decreases in abrupt steps with plateaugon or oxidation of freshly broken surfaces. In our experi-
which in some instances are close to integer multiples of thénents, we combined the cleanliness and stability of
fundamental conductance ui,=2e?/h. operating a MCBJ at 4.2 K with sufficient mobility of atoms
Individual traces of the conductance vs the electrode disat the contact area to relax to a low-energy geometry. To this
placementG(z) are irreproducible owing to the different dy- end, we took advantage of the fact that connective necks can
namical evolution of the connective necks during the breakbe locally overheated at high bias voltagés. As the ap-
Statistical analysis of the experimental data includes conplied voltage drops mainly around the center of the contact
struction of conductance histograms based on hundreds #fithin a distance comparable to the contact diamefehe
even hundreds of thousands of curv&slowever, with the magnitude of the heating is determined by the ratio between
exception of impressive experiments showing conductancé and the diffusive length for electrots. The latter can be
quantization in lithium, sodium, and potassium pointdefined as;=3ll;, wherel, is the elastic mean-free path,
contacts’* the histograms basically reflect the existence ofandl;=vg7; is the inelastic mean-free path of the electron-
stable neck geometries emerging during the break. This iphonon scatteringd’ If L; is much smaller than the neck di-
supported by simultaneous measurements of force and coameter [;<d), the power dissipation takes place in a vol-
ductance in Au nanowires, demonstrating that jumps (&) ume of d® around the center of the junction. In the other
curves during the deformation of the connective necks aréimiting case (;>d) the power is always dissipated in a
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volume of L? around the junction, regardless of the contact 1000

diameter. According to these considerations, and assuming === g ALy —
the validity of the Wiedemann-Franz condition, one can = 106 —*

make estimations for the temperature of the junction in the % 10 / Pb /
different regimes of point contacts. In the thermal lirii, N j
L,<d) the temperature in the center of the contact does not o 1 z

depend ond and is given as followsT;.= Tyt Vi/AL, 2

where £ is the Lorentz numbef (Or eV,~3.6XT,. at & o014 v
Toat=4.2 K and highV,, .*) Practically it means that a volt- 3 001 | !
age bias of 200—-300 mV could heat the contact uf s K> ! y f
=600—-1000K as it was demonstrated for point contacts be- Q107§ ;
tween ferromagnetic metals.On the other hand, in the L ;
spectroscopic regimg,, L;>d) the heating of the contact is 107 & T T T T —
negligible, andT,~Tp. In the intermediate casd<d 0 ? . 10 19 20 25
<L;) simple calculations show that the crossover between displacement (nm)

the ballistic and thermal limit is mainly determined by the FIG. 1. The conductance of a Pb MCBJ as a function of elec-

raio Of_d and L, name_ly: TEC: Tgath_'" d/Lng/4£_ Even_ trode displacement at a bias voltage of 180 mV. The inset shows the
though in nanometric point-contaclts is assumed to be in  gesign and the principle of a mechanically controllable break junc-
the range of a few nanometétue to scattering on defects at tjon (see also text A bending force causes a vertical displacement
the interface of the electrodesat low temperature and bias y, which leads to a displacemenbetween the electrodes. For clar-
voltageL; remains much larger than the contact diameter dugy, all distances have been exaggerated.

to the large inelastic mean-free path. Therefore, the heating is

considerably reduced compared to the thermal limit. How- ) )

ever,|; drops to=<10 nm at bias voltageV,, exceeding the tional pieces (X3X1 mnT) of fiber glass board plate
Debye energy of phonons due to the strong electron-phondpl@ced underneath the anchoring points of the 2@0thick
coupling. The energy dependence lpfcan be determined polycristalline sample wire. This increases the effective
from the experimental point-contact spectra of the electronthickness of the bending beam and thus, enlarges the ratio of
phonon interactioR® The inelastic mean-free path continues the electrode displacement, to the vertical transfer of the

to decrease at higher energies due to the relatively largpiezodriverA,. Such a modification practically does not af-
probability of multiphonon scatterint. This is in agreement fect the stability of the break junctions and gives an oppor-
with Ref. 21 where the inelastic mean-free path of a hotunity to cover the range af, up to 20—30 nm in one run of
electron with excess energy of 100 meV was estimated to bthe piezodriver.

1-10 nm for most metals. With all the parameters being the Most of the measurements were performed at 4.2 K in He
same order of magnitudé (~1.~d) itis extremely difficult  exchange gas at 760 Torr to avoid effects related to thermal
to give an accurate estimation for the contact temperatursxpansion of the unglued sections of electrodes. Adsorbtion
but according to the above considerations contacts of submgt He on the electrode surface results in a giant increase of
soscopic size might be heated well-above room temperatufige |ocal work function of metal§ and a strong deviation of

with a voltage bias of a few hundred millivolt. tunnel current vs electrode separatiga) curve from expo-

In this paper, we present conductance curves for Al anghgnia| pehavio?! As a consequence the standard calibration
Pb_point contacts measure_d 9, up to 0.4 V using the procedures of the relative displacement of the electrpaes
MCBJ technique, and we give a simple analysis for the ObTng the I (z) dependence in tunneling regime or field emis-

servations. Thessplike metals are the subject of current _. : .
. ; . sion resonance specifaare rather inaccurate. We can esti-
interest since the transport properties of one-atom Al or Pb

contacts are determined by the existencéhodeconducting mateAg and the approa_ch _ra@=AZ/t With a precision of
channels with nonvanishing transmission and by a stron 5-30%. Fortunately this inaccuracy has I|tt!e or no effect
dependence of the transmission coefficients on the degree 8f OUr results that are qualitatively the same in a wide range
elastic deformation of the ne@&26 In the light of recent ©Of Sfrom 5 to 50 pmi/s. _
attempts to study nonlinear effects in conductance in connec- Contact conductance was measured using a current to
tive necks of a few atoms &V, comparable to the Fermi Voltage converter with a gain of 1 V/mA. Data were recorded
energy’ the details of the neck evolution at high, are of ~ With a Keithley 182 nanovoltmeter in a slo@@—10 pt/$
special importance. mode and voltage range from AV to 10 V to cover the
transition from tunneling to direct conductance. Simulta-
neously a AT-MIO-16XE-50. National Instruments data ac-
Il EXPERIMENT quisition board was used in a fag50-1000 pt/smode in
The basic concepts of MCBJ method were developed byt0 mV-10 V range. Some fragments of conductance curves
Moreland and Ekif® refined later by Muller and were measured at the rate of 10 000 pt/sec for 1—2 min.
co-author®® and described elsewhete! In our experiments, All results presented below are based on a careful analysis
we used a slightly modified version of the traditional sampleof a few hundreds5(z) traces obtained on 5-6 different
mount presented in the inset in Fig. 1. It includes two addi-samples for each metal.
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IIl. RESULTS AND DISCUSSION

In this section, we present experiments on locally over-
heated Pb and Al MCBJ. In the low bias voltage measure-
ments {/,~10mV) the conductance of the contacts in-
creases monotonically while the electrodes are continuously
pushed together by the piezodriver. At elevated bias voltages
the conductance grows only to a certain valdetermined
mainly by the magnitude dfy,) and, thereafter, saturates at a
constant level during subsequent electrode approaches as
large as 20 nm. This part of the conductance curve, where the
fluctuations are caused by temperature and current induced
atomic rearrangements, can be analyzed with histograms
based on a&ingle sweep of the electrode approach. Further-
more, with fast data acquisition one can get an insight into
the dynamics of thermally activated point contacts.

A typical conductance curve for a Pb MCBJ recorded at s 1 ]
an approach rate of approximately 0.01 nm/s and a bias volt- 435 4836 487 488 489 440
age of 180 mV is presented in Fig. 1. After the transition )
from tunneling to direct contact the conductance of the con- displacement (nm)

nective neck increases reachiBg- 250—-300G, and subse- FIG. 2. (8 G(z) dependence for Pb MCBJ recorded \A§
quently remains nearly constait rises very slowlyduring — _ 5a5\ v/ and approach rat8=40 pm/s (only 5% of measured

furth_er electrode approaches over a dista_ncebt nm. Re- points are plotted (b) A part of theG(z) trace in the upper panel
tracting the electrodes back to the tunneling range reveals #esented on an extended scale.

increase of~24 nm in electrode separation with respect to
their initial position. This indicates irreversible changes in(with no more than 5% of the experimental points plotted
the electrode reliefreduction of electrode lengkitaused by  and a fragment of this curve is shown on an extended scale in
continuous transfer of atoms from the neck area to morerig. 2(b). The random changes in the conductance are caused
remote parts of the electrode. In our opinion two mechaby a continuous rearrangement of atoms in the neck area.
nisms are responsible for the effect observed. Halting of the electrode approach eventually reduces the am-
(i). Surface diffusion of atoms: the high level of power plitude of G variations by a factor o&~3—10. The mean
dissipation(up to 10 3W) in the region with characteristic value ofG remains practically the same or slightly decreases.
dimension ofL; around the contact raises the neck temperaThe conductance does not relax to a lower value since at
ture and, therefore, the atomic diffusion. This induces motiorextremely slow approach rate the system is already in a qua-
of atoms from the “hot spot” in the center of the connective siequilibrium state. An increase of bias voltage for stationary
neck to colder areas of the electrodes. contact reduces the conductance, whereas a decrease leaves
(if). Electromigration of atoms: the estimated current denthe conductance unchanged as no diffusion to the overheated
sity in the center of the point-contact presented in Fig. 1 imeck area from the colder part of electrodes can od@ine
j~10"A/cm?. At such current densities the electron wind former effect imposes a limitation on measurements of
forces resulting from the scattering of electrons on latticecurrent-voltage dependenci&s.It should be noted, though,
defects areFq,~0.1-0.2nN"* These current-induced that power dissipation in this contagiroportional toV2G)
forces are one order of magnitude too small to break bondg ~2 times less than in the previous cd$ég. 1), whereas
between atoms but are able to enhance diffusion and makgurrent density increases. Although it is very difficult to
atomic flux directional causing a preferential transfer of at-make any reasonable estimation for the connective-neck tem-
oms to one of the electrodes. Breaking of gold nanowireserature in this intermediate “diffusive” range, it may be
caused by electromigration of atoms \d{~300—-500mV  safely suggested that the contribution of the current-induced
was reported recently by Paskt al3* processes in neck evolution increases with increasing bias
The neck conductance remains nearly constant because @ltage.
a peculiar “feedback” of natural origin. In a voltage-biased  The conductance histogram for this scan is presented in
measurement the increase of contact diameter in the cour$gig. 3(a)] and is nearly Gaussian shaped. It is slightly cut at
of electrode approach leads to an increas&and power the low conductance end and extended to la@ethe his-
dissipation. AtL;=d the volume where this power is dissi- togram plot for thedifferencein conductance between the
pated remains the sam&(_?), thus the temperature in- neighboring data pointAG=G, ,;— G, for the same scan
creases, causing an exponential increase of diffusion. Thug shown in Fig. &). The significance of this type of histo-
the number of atoms leaving the neck area per unit of timgyram for data analysis will become clear later. At this point it
increases and the diameter is reduced back. simply demonstrates that on the time scale of the data acqui-
At higher bias ¥,~250-300nV) the contact conduc- sition (1 ms no preferential values ckG are observed. As
tance saturates already at 40-@f. An example of the flat the conductance of a point contact is mainly determined by a
part for such aG(z) dependence is presented in Figa2 volume ofd® around the contact center, hundreds of atoms

conductance (2e%h)
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FIG. 3. (a) Conductance histogram and Gaussiartsfitlid line) ©
for the G(z) curve presented in Figs(&. (b) Histogram plot of
conductance difference between neighboring po@ys; —G,, for
the same curve.
are respop5|ble for the resistance of this junction. The cla§- 0 2 4 6 8 10 12 14 16 18
sical continuous spectrum demonstrated by both figures is ,
not surprising, as the number of different metastable atomic displacement (nm)

configurations is so large, that they can hardly be resolved as FIG. 4. G(2) dependencies for Arecorded aV, = 340 mV and

distinct peaks in conductance histograms. Or speaking ,i§:40 pm/$ and for Ph(recorded av/, = 360 mV andS=30 pm/3
terms of conductance channels, for contacts of the above sizg quantum regime of conductance.

the spacing between the energies of different channels is so

small that it can easily b_e sr_neared either by temperature Qfgnductance histograms taken at Isly and bias voltage as
by the enhanced scattering inside the contact. high as 500 mV and observed a plateau in conductance

At V,, as high as 300-400 mV the neck conductance igyryes corresponding to the one-atom contacts evev, at
restricted to 10-20 quantum units over 10—-15 nm of elec— 1 g/ Contrary to this, in experiments with Aas well as

trode approach. In this case the power dissipated in the elegg 5ng PH MCBJ, we were unable to create one-atom con-
trodes, is 5 to 10 times less than that for point contact preg, already at\/b’>0.8—1.0V andS~0.01 nm due to field

sented in Fig. 1. Moreover, contacts of such dimengieft  jasorption or field evaporation of the surface atoms at small
nm) are quasiballistic, thus no significant power dissipation; i« rejectrode distances.

takes place in the nearest vicinity of connective neck. At the Figure 5 presents a histogram plot for Al MCBJ based on
same time the current density nears*#cm?, greatly in-
creasing the contribution of electromigration and current-
enhanced diffusion to the neck evolution. Typi&{z) de-
pendencies are presented in Fig. 4 for Al and Pb MCBJ.
Again only 1-3% of all recorded points are plotted for the
sake of better clarity, as the total number of different neck
configurations measured per one scan reach&6®. Both
curves show a pronounced steplike structure and clear cut
recurring jumps of neck conductance between two or more
levels. In the following, we concentrate on these phenomena.
Just as usual conductance curves th&&8 dependencies
are inherently irreproducible for different samples since their
behavior is determined by fine details of ill-controllable sur-
face relief of the electrodes. The general shapeGof)
curves does not depend appreciably on the approacisrate
the 5 to 50 pm/s range. An increase $fabove 100 pm/s
produces effects similar to a decreasevgf. At S=1 nm/s
conductance curves assume the standard low bias behavior:
monotonous increase i@ up to 1¢G,. This shows that in 2 4 6 8 10 12 14 18 18
reality the process of atomic rearrangements in the connec-
tive neck(even at elevated temperatuy@uld be many or-
ders of magnitude slower than it was suggested in molecular- F|G. 5. Conductance histogram for Al corresponding to more
dynamic simulationg® Thus, it is hardly surprising that in than 16 individual neck configurations. The raw data were
experiments with gold relays at approach rates of smoothed with a narrow window of 0.6,. The original G(z)
=10°nm/s the authors did not find any difference betweercurve was recorded at,=350 mV andS= 30 pm/s.

counts (arb.units)

conductance (2e/h)

045413-4



CONNECTIVE NECK EVOLUTION AND CONDUCTANCE . . . PHYSICAL REVIEW B 65 045413

displacement (pm)
0 40 80 120

)

N

o
T

|
—_
l 2
| 5 4
© 18 | 5
=
n 16} ‘T
| 5 =
[o]
Q

14

O ¢ 20¢
12 | e

Mobile atoms

counts (arb. units)

counts (arb. units) conductance (2e2/h

1 2 38 4 5 6 7
conductance (2e2/h) 12 14 16 18 20 0.7 1.4 2.1 2.8 3.5

conductance (2e*/h) IG,,, - G, (2¢°h)

n+1

FIG. 6. Low bias conductance histogram for Al MCBJ based on
5_000 individual traces recorded at }OO m_V bias. Inset: differential 5 7. (@ A fragment of aG(z) dependence for AKV,
histogram for the same set of data displaying a peak aroun@¢l.1  _ 340 mv andS=50 pm/3; (b) model of formation and break of

the single-atom contacts being separated from the main neck and
more than 10 of different connective-neck configurations from each other(c) Histogram plot for the conductance cur@:
recorded in a single 20 nm scan. It displays a number o&nd (d) histogram plot for the absolute value of the conductance
well-defined peaks in the range from 0.5 toGl8 The total  differenceAG between neighboring points of cur¢@ demonstrat-
conductance of a contact with few atoms is determined byng a succession of maxima separated-4y.7 G
the sum ofN independent conducting channels with their

respective transmission coefficien@=Gy2{L,7;. Rear- contact conductance switches between a few preferential lev-
rangement of atomic positions may result in a completelyels, though we did not find any regular trend in the peak
different transmission séf=3N 7 for the whole neck?  positions in the traditional histogram plgfig. 7(c)]. At the
Data presented in Fig. 5 clearly show that in the course ofame time the histogram for the difference of conductance
continuous neck evolution under elevated temperature andetween neighboring data pointsG=|G,1(2) — G(2)|
high current density the selection of the most stable necklemonstrates the succession of 4—-5 maxima separated by
geometries occurs. Only the preferaldmergetically favor- 0.7G, [Fig. 7(d)]. Since the value of 0@, is very close to
able atomic arrangements can survive for a long enougtthe experimentally measurédand calculate® conductivity
time to give a rise to the sharp peaks in the histogram.  through a one-atom Al contact for an undistorted lattice, it is
In Al and Pb contacts th&(z) dependencies are espe- reasonable to relate this unexpected periodicity to variations
cially sensitive to the elastic deformation of the connectivein the number of atoms in the connective cross section by
neck in the process of creation and break of contacts at low:1, ... £5 during the time between successive measure-
bias voltage>?®This is reflected as a steep slope of plateausnents(1 ms. However, in traditional histograms, based on
in the conductance staircase and causes a consideralif®usands of conductance traces no such periodicity was ob-
smearing of the peaks in the histograms. An example of aerved, and the separation between peaks is much larger
conventional histogram for Al based on 5000 individual (1.1G,). This means that the conductance of a single neck
G(2) traces measured at low bias voltage is presented in Figvith n atoms in the cross section is not simply the sunm of
6. (We did not find any perceptible difference in peak posi-one-atom contacts. The observed effect is most likely related
tions for histograms taken at low bias voltages and at 30@ momentary formation and breaking of one-atom contacts
mV. This indicates a rather small nonlinearity of -V char- isolated from the main neck. Due to surface roughness at the
acteristics of a few atom Al MCBYJAt high V,, and a slow atomic scale two electrodes can be bridged for a short time
approach of electrodes the deformation of the neck is muchy mobile atoms moving along the surfafgee model, in
moderate because of a fast relaxation of strain through difFFig. 7(b)]. The conductance of parallel connected one-atom
fusion of atoms and electromigration of defects. For this reacontacts separated both from each other and from the main
son the plateaus in our conductance curifgg. 4) are tilted  neck is simply given as a sum of the conductance of the
less than inG(z) curves recorded at low bi&s. individual contacts, which explains the periodicity of the
We performed further analysis of the dynamic evolutionpeaks in the histogram plot in Fig(dj. It should be empha-
of contacts with conductance restricted by 20—-25 quanturnsized that the visual appearance of this histogram plot prob-
units using selected fragments typical for most of the conably depends on the recording rate: an increase in this will
ductance curves. An example is presented in Fig). The leave us finally with a sole peak at G4 corresponding to
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displacement (pm) FIG. 9. Differential histogram for Al MCBJ demonstrating sin-
gularities caused by formation and break of one-atom contacts and
FIG. 8. Short fragments of conductance curves for (¥, by transitions between the stable configurations of the risek
=350 mV andS= 30 pm/3$ and Pb(V,=360 mV andS=30 pm/sg text).
demonstrating random telegraph noise patterns corresponding to
fluctuation of atoms between two metastable states accompanied kjfferent orbitals and, therefore, induce the complete shut
creation(rupture of one-atom point contacts. Conductance jumpsdown of certain channels. For instance, the transition with
of smaller amplitude corrgsponds to changes in thg number of CON G of 0.5 and 0.55, in Al may be linked to the switching
ducting channels due to incomplete overlap of orbitals. off and on of high transmissivep, or low transmissivep, ,
channels, respectively, while the transitions withG
the creation or break of a single one-atom contact betweerr1.1G, in Pb are close to conductance through one of the
two successive measurements. At the same time the possibihree conductive channel$?® Thus, the transitions of
ity of simultaneous formation of two or more one-atom con-smaller amplitude in Fig. 8 might be related to changes in the
tacts in a single event cannot be ruled out. This result opensumberof conducting channels through parallel connected
an interesting possibility to study the dynamics of single-one-atom contact.
atom contact formation under different circumstances by ex- To be certain that the above effects are not related only to
tending the time scale of data recording into microsecondselected fragments of conductance curves, we build up dif-
range. ferential histograms for complete scans with a large number
Yet another two typical fragments of conductance curveg~10°) of different connective-neck configurations. These
for Pb and Al MCBJ with somewhat lower conductance arehistogramgFig. 9 for Al MCBJ show shoulders or smeared
presented in Fig. 8. They exhibit typical random telegraphpeaks at 0.6—0@,, around 1.&, and sometimes even at
noise behavior observed on many occasions in different me2.0—2.Z5, corresponding to the formation and break of one
soscopic systems. In our case these fluctuations between dis more single-atom contacts separated from the main neck.
crete levels are caused by switching of Al or Pb atoms beA comparison to Fig. 7 reveals an additional peakdt1G,
tween metastable positions. In both cases the repeatabilieat means that transitions withG=1.1G, are also prefer-
jumps with larger amplitud€0.8G, for Al, and 2.45, for ~ able. Analysis of the traditional conduction histogratas
Pb) might correspond to the formation and break of isolatecthe one presented in Fig) 8hows that the separation be-
one-atom contact$the calculated conductivity through a tween two-neighboring peaksr statistically more favorable
one-atom Pb contact is2.5G, (Refs. 24, 25]. The above neck configurationsis indeed very close to 13, (this fact
transitions are alternating with conductance jumps of lessewas mentioned in Ref. 14 as wgllThis is further supported
amplitude:AG=1.1G, for Pb andAG=0.5G, and 0.5, by the peak at 1G, in the differential histogram for the
for Al. These additional two-level transitions can be ex-same data set of 5000 individual conductance cufgesg,
plained by the recurring motion of atoms comprising theinset in Fig. 6. Although the reason for nearly equidistant
one-atom contact, which only slightly alternates their relativespacing of peaks in Al conductance histograms is not yet
positions. The conducting channels in single-atom contactslear, one can state that the conductance difference between
of polyvalent metals are generally associated with atomitche stable configurations of a small neck is approximately
orbitals?® In the case of different orientation and spatial ex-1.1G,. The peak at 1G, in Fig. 9 might also reflect the
tent of orbitals(which is not improbable for atoms at a switching between the stable geometries of the main neck,
metal-vacuum interfagea small displacement of atoms can while the rest of the peaks come from the formation and
change the overlapping of electron densities associated withreaking of isolated one-atom contacts and not expected in
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the traditional low bias voltage histogram.
To summarize briefly, in the connective necks with con- | a
ductivity in the range below 2B, the superposition of the
following effects have been seen: switching between the fa-
vorable neck configurationdeading to aAG=1.1G, peak
in differential histograms for Al MCBJ connecting and dis-
connecting of one-atom contacts separated from the main
neck(which are resulting in a conductivity jump of @3 in
Al and 2.55, in Pb MCBJ; switching “on” and “off” the
individual conductive channels associated with atomic orbit-
als in the one-atom contadtsonductance jumps on a smaller
scalg.
The increase oY/, above 400 mV results in unstable be-
havior of Al contacts with frequent disconnection of elec-

b

counts (arb. units)

trodes(jumps to tunneling and bagkOn many occasions, 04 08 1204 08 1.2
we were able to maintain contacts of one atom over the ap- 5
proach distance up to 2—3 nm. The histogram for such con- conductance (2e’/h)

ductance curves mostly reveals “fine structure” of the first

peak—splitting into two clearly cut componejtSg. 10a)]. tograms for Al one-atom contact@) Histogram made during con-

To explain this effect one may consider SW.'tChmg of thetinuous approackV,=400 mV andS= 30 pm/3. (b) Conventional
one-atom neck between two different well-defined and Stab"ﬁistogram based on 5008(z) curves recorded at 100 mV bias

configuration that are incorporating the adjacent atoms of
both electrodese.g., bent and straight necks connecting twoi,e quantum nature of conductance shows up in a discrete

Al electrodes are supposed to have a different CONgpectrum due to an ever changing number of individual con-
ductancé). In conventional low bias conductance histo- q,ctance channels, continuous formation and rupture of par-
grams for Al the first peak is rather broad and centeredyjig| connected one-atom contacts isolated from the main
around 0.&,. However, we found that on rare occasions it yeck and transition between preferable neck geometries. The
has a low-energy “shoulder” or can even be spiee Fig.  gependence of the(z) traces on the approach rate shows

10(b)], indicating that the contact break may occur in tWOthat the relaxation of atoms in the connective neck occurs

different ways. , o much slower than it had been suspected before.
Concluding, we used a method for investigation of

connective-neck evolution, based on the fact that at elevated
bias voltages and slow approach of the electrodes the con-
ductance of the constriction remains within a limited range We are indebted to |. K. Yanson for stimulating discus-
over a relatively long distance of electrode displacement dusions. Part of this work was supported by the Stichting voor
to the current-enhanced diffusion and electromigration of atFundamenteel Onderzoek der Matgf®©M) which is finan-
oms out of the overheated area. The dynamics of neck evaially supported by the Netherlands Organization for Scien-
lution can be traced usin@(z) dependencies and a differ- tific researchNWO), the Hungarian Research Funds OTKA
ential histogram technique. For conductances higher tham026327 and N31769 and a NWO grant for Dutch-
~50G, the fluctuation 0fG(z) demonstrates a quasiclassical Hungarian cooperation. O. |. S. wishes to acknowledge the
continuous spectrum. In the range up to 20 fundamental unitsS’\WO for a visitor’s grant.

FIG. 10. “Fine structure” of the first peak in conductance his-
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