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Fabrication and characterization of metallic nanowires
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The shape of metallic constrictions of nanoscopic dimensiaesks formed using a scanning tunneling
microscope is shown to depend on the fabrication procedure. Submitting the neck to repeated plastic defor-
mation cycles makes it possible to obtain long necks or nanowires. Point-contact spectroscopy results show
that these long necks are quite crystalline, indicating that the repeated cycles of plastic deformation act as a
“mechanical annealing” of the neckS0163-18207)05227-3

I. INTRODUCTION contact is established, the electronic current is due to the
tunneling effect and the dependence of the current with dis-
The development of new experimental techniques such asnce is exponentiaf® Metallic contact is signaled by an
mechanically controllable break junctio@CBJ's) and the  abrupt increase of the currefthe conductance for this first
scanning tunneling microscog8TM) has made possible the contact is of the order of €/h, wheree is the electron
formation and study of atomic-size junctions or contacts becharge, andh is Planck’s constant The variation of the
tween macroscopic metals. Both techniques allow for a vergurrent with the relative displacement of the electrodes de-
precise control of the relative position of two electrodespends on how the junction deforms plastically, and can be
which is the key to the study of these nanojunctions. These@uite diverse, as attested by Fig. 1, where we show four
related techniques differ in the way the nanojunction isdifferent sets of STM experimental curves.
formed: in the case of the STM the tip is driven into the In this section we will first discuss the conductance of an
substrate to form a large contact and then it is pulled backideal metallic constriction and its relation to the minimal
while in the MCBJ a fine wire is pulled until it fractures and cross-sectional area, and then we will present a simple slab
the two fragments are brought back into contact. model for the evolution of the constriction with relative dis-
Superconducting and normal contacts have been exteqplacement which makes it possible to obtain an estimate of
sively studied at liquid-helium temperatufd.2 K) (Ref.  the shape of the constriction and mechanical properties of the
1-5 and normal contacts at room temperatuféMore re-  neck.
cently the mechanical properties and their correlation with
the conductance have been studied using a combination of A. Conductance of a metallic constriction
force and tunneling microscopy techniges®
Theoretically, atomistic mechanisms during plastic defor-di
mation of the contatt™®® and their effect on the
conductancl have been investigated using molecular-
dynamics(MD) simulations and a tight-binding approxima-

Electronic transport through a metallic constriction whose
mensions are smaller than the mean free path of the

tion, and different geometries have been considered by con- 140 —— { . . . 1
ductance calculations using a free-electron i 7
C o atinl5-18 120 — —
approximationt: T i
In spite of all this effort, no direct experimental geometri- E 100 _
cal and structural information of these necks has been pre- & L .
sented. In this paper we present a simple model that makesit o 80— —
. . . Q
possible to obtain an estimate of the shape of the necks and £ - .
their evolution during plastic deformation. We will also § 60 — ]
show that the type of neck produced depends on its defor- i i 7
mation history and that it is possible to fabricéw@g necks 9 40 B ]
or nanowires. These nanowires are quite crystalline, as 00| B
shown by their electronic transport properties at low tem- L i
peratures. 0

displacement

IIl. DETERMINATION OF THE GEOMETRY OF NECKS
FIG. 1. Four different sets of experimental conductance vs rela-
In STM and MCBJ experiments on nanojunctions, thetive tip-substrate displacement cycles for Au at 4.2 K. Each set
current that traverses the contact at a small constant bia®nsists of five consecutive elongation-contraction cy¢te® of
voltage (several milivolt3 is measured as a function of the the cycles is colored black, while the other four are gray for clarity
relative displacement of the electrodes. Before a metallidhe arrows indicate the direction of motion.
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electron&’ is ballistic. The conductance of such a constric- 60
tion was first derived semiclassically by Sharétriviore re-

cently Torres, Pascual, and&ea® using an exact quantum Nﬁ 50 N 7
calculation, derived a corrected version of the Sharvin for- N 40k ]
mula, 3 - .
s 30 — —
2 bt r 7
GwZTe(wf\—z—b;), (D) g .
F F § 10
wherel ¢ is the Fermi wavelengthA andP are the area and oL i
perimeter of the minimal cross section; ands a parameter 30
that depends on the shape of the neck, béirigr a cylin- 20
drical tube @=0) and3 for a circular hole ¢=/2). The Z 10
classical Sharvin predictiéh?? corresponds td=0. As the £
contact area increases, the correction due to the perimeter § 0
becomes relatively less importatdabout 5% for a contact g 10
radius of 2 nm for A). A more realistic approximation to a -20
real constriction that takes into account the work function of -30 |-

the material instead of a hard wall poterffateduces this
correction even further.

Equation(1) can be used to estimate the minimal cross
section of the constriction. Note that if the neck is ballistic
and not too small, the error introduced by not knowing the FIG. 2. Simultaneous measurement of conductance and force
aperture angle is negligible. However, the existence of deduring an elongation-contraction cycle, for Au at 300 K. The arrows
fects or disorder would have the effect of decreasing thendicate the direction of motion.

conductance for a given geometry, and using @g.would . _ .
underestimate the neck diameter. These effects were studidde Neck length is varied to the shape of the neck. This model

by Todorov and co-workers using a molecular-dynamicsS Suggested by the results of combined STM-AFM
simulation to obtain the evolution of the atomic positionseXper'menté' In these experiments, in which the conduc-
during plastic deformation of the neck, and a tight-bindingtance and fqrce as a funct}on of relative d|splacement are
model for the conductance corresponding to a given atomi@'€asured simultaneously, it is observeste Fig. 2 that,
configuration* These authors found a reduction in the con-"_"hen the c_onductance IS rather_ constant, the force varies
ductance of up to 20% with respect to the free-electron relin€arly, while the abrupt jumps in conductance are corre-
sult. Rough boundariédalso affect the oscillating structure lated to abrupt force relaxations. Between the relaxations de-

due to the opening and closing of conductance channels, b rmation is elasti¢no energy is di.ssipataedThis co_rrelation
the smooth part of the conductance is still well described by12S Peen clearly demonstrated in nanometer-sized contacts

the modified Sharvin formula. More extended defects would S€Veral hundreds of conductance quantum Ou?“Bnd in
cause an even larger reductih. atomic-sized contaci§ust a few quantum unijs® Note that

Experimental information on the degree of disorder in thechanges _in conductance due to effect; like -conductance
constriction can be obtained using point-contactqua”t'zat'on would never show as abrupt jumps, but rather as

spectroscop§? The derivative of the differential conduc- SM0Oth structure in the stefSThis behavior has a clear

tance of a point contadPC) contains information about the interpretation: the neck deforms elastically until the stress

inelastic electron backscattering. For ballistic point contact§€aches a critical valu@bout an order of magnitude larger

1
the dominant inelastic scattering mechanism is phonon scatan the bulk valug'9), and then relaxes abruptly to a new

tering, and the Eliashberg function for the electron-phonorfonfiguration. L _ L
interaction in the point-contact situation, or point-contact L€t us model the neck as a constriction with cylindrical
spectroscopi¢PCS curve, is given b§ geometry, consisting of_ slabs of different radii and thlck_-
nesses, symmetrical with respect to a plane normal to its
3 h¥A2 & narrowest section, as depicted in Figa)3 The elastic prop-
a’F,=— —R¥2—— (2) erties of the neck, e.g., the Young’s modulEsand Pois-
322 4m'm  dv son’s ratiou are identical to the bulk valugshis is reason-
able from a theoretical viewpoint and has also been shown
experimentally in Refs. 8 and 10The basic assumption for
tude of the phonon-induced peaks is reduced if there is ela§bis model is thaft only the narrowest part of the neck deforms
tic scattering(for example, due to impurities or defepis  Plastically. This is likely to be the case because the weakest
the contact region. Consequently, a large PCS amplitude irsPOt Will become the narrowest cross section even if this was
dicates that the constriction is indeed ballistic. not initially the casgdue, for example, to the existence of a
very defective spot This assumption could break down for
temperatures larger than about 50% of the melting tempera-
ture, for which diffusion will be important.
A simple slab model, similar to that used in Ref. 26 can When the neck is being pulled the central slab will change
be used to relate the changes in the minimal cross section &s a longer(and narrower due to volume conservajicon-

tip displacement (nm)

where R= dV/ dl is the differential resistancekg is the
Fermi wave number, anch is the electron mass. The ampli-

B. Slab model
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FIG. 4. Evolution of the conductance for different power law
FIG. 3. Plastic deformation of a neck consisting of cylindrical dependences of the plastic deformation lengtas given by Egs.
slabs. From one configuration to the next only the central slab elon(® and(6).
gates, while the rest of the neck does not change.

1/n
— n
figuration in order to relax the stress. For instance, if the A_[AO_ CTJ forn+0, ®)
central slab initially has a cross sectidg= WRS, and a por-
tion A4 of its length is involved in the change of configura- A=Aqexp —I/\g) forn=0, (6)

tion, the new cross section would Bg=Ag\q/(A g+ Al), _ _

where Al is the change in lengtfsee Fig. )], and the Wwherel is the elongation. _

number of slabs increases by two. After stretchingnter- The evolution of the minimal cross section, and conse-
vals (assuming the changes in length are always equal tguently of the conductance, with the changes in length, is
Al), the increase in length would e\l the minimal cross  Shown in Fig. 4. In Ref. 9, the authdrsonsidered only the

section casen=0. Figure 5 shows a simulation of the neck evolution
including the effect of elastic deformation. The black dots
An_iNn_1 represent the equilibriunfrelaxed configurations, and we
A”:m’ (©)) have assumed that the relaxations occur at a fixed value of
n—-1
and the spring constalt, of the whole neck 60 : : : , ;

_ 3 _
R L VPR Y S S VA & 20 _
—=c > + +i—, (4 < 40 —
ke E\i=1 A An Ko o -
g 30 —
wherekg is the spring constant of the neck before starting the £ .
elongation. The central portion of the neck, consists of slabs = 20 -
of cross sectiomA;=A;_1\i_1/(\j_1+Al), and thickness § 10 —

(Nj_1+Al—=N\;)/2. Note that we only know the shape of the
pulled portion of the neck but the initial neck is unknown.
This parametek, which we may call thelastic deformation
length, is related to portion of the neck that changes plasti-
cally, and in general it will depend on the cross section,
length, and history of the neck. In the linil — 0, the plas-
tic deformation length can be written as= — (dinA/dl)~2.
Note that\ is a phenomenological parameter that will be -20
determine from the experimental data using ). We will 230
see that the plastic deformation length varies during plastic NN AR S SR R
deformation of a given neck, and also depends on the fabri- 2 3 4
cation procedure. tip displacement (nm)

As an illustration of how the plastic deformation length
reflects on the conductance curves, let us consider the fact FiG. 5. Simulation using the slab model of the conductance and
that the plastic deformation length at each step depends onfyrce during an elongation-contraction cycle. The relaxed position
the cross sectiom = aoA", the differential equation foA  for each configuration is marked with a black dot. We are depicting
can be solved analytically. For an initial elongation zero, wea fairly ideal case in which the configurations during elongation are
have the sameas the configurations during contraction.
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the apparent pressurdorce divided by minimal cross- 0.15 — | . , : :
section arepas observed experimentafly’ F ]
0.10 - -
lll. EXPERIMENTAL RESULTS "-3\ - .
o 2 0051 -
A. Fabrication of the necks 15 C ]
The necks studied in this paper have been obtained usir § 0.00 —
an STM and an STM-AFM combination, and the experi- E : N
ments were performed in different conditions: low tempera- < 0,05 — —
tures (4.2 K) in He exchange gas, room temperature in He - " ]
gas, and room temperature and ambient conditions. The fal -0.10 = 4
rication procedure described in this section works with duc- B ]
tile metals like Pb, Au, Al, and Sn. In this paper we will 0.15LC 3
present only the results for Au. -30 30
The basic procedure consists of crashing a clean metalli V (mV)

tip into a clean metallic substrate in a controlled manner. The

S(-)rr:\{lrtl)sl g%nllie?slirl;tszzct::u;:’;a?i?ﬁsglrct)irc];;? ﬂ:)esi?g:i:ge%:ee of FIG. 6. PCS curves at 4.2 K for Au necks whose behaviors are
.p _p . P ' similar to those in Fig. 1. The black curve corresponds to a cycle of

makes possible the selection of different spots on the suk;

hori | . W I h ype D, at a conductance of 83 units; dark gray curve corresponds
strate (horizontal positioning We normally use the same to type C, at 77, 106, and 130 conductance units; the light gray

metal for both tip and sample, because this guarantees thgfe corresponds to typ at 77, 103, 130 conductance units. Al
the composition of the neck is homogeneous. As the tip ishe curves for a given cycle are included within thickness of the
pressed against the substrate, both electrodes deform plasfjotted curves.

cally and then bind by cohesive forces, forming a metal con-
tact. Retraction of the tlp results in the formation of a CON-the STM-AFM experimentsy since contamination produces a
nective neck that elongates plastically and eventually breaksepulsive force while in the tunneling regime.
In all the ductile metals studied to date, rupture takes place After the initial prepara’[ion of the contact described
through a gradual decrease of the cross section of the neckhove, repeated cycles of elongation and contraction with a
Measuring the current through the neck at a fixed bias voltgiven amplitude typically result in a very similar curréand
age of 10-100 mV applied between tip and substrate makegrce, in the STM-AFM experimentsevolution, that is, a
it possible to know the conductance as a function of theind of steady state is reached. We must remark that the
displacement of the tip relative to the substrate, and to followsystem remains in this steady state until the amplitude or
the evolution of the neck. As will be ShOWn, this evolution offset of the Cyc|es is a|tered, and in some cases as we will
depends on the history of the contact. see below subsequent cycles are very repetitive. In a marked
In order to form a metal contact, tip and substrate surfacgontrast with macroscopic plastic deformation the contact
must be clean. Nevertheless, the preparation procedure is néfiows no sign of fatigue. We only present results for these
very critical: it is necessary to get rid of oxides and organicsteady-state cycles. The usual data acquisition parameters are
contaminants. For Au samples, sonication in acetone 09048 data points per cycle at a rate of 10—30§ and typi-
Cleaning ina 3:1 Concentrated2804:30% H202 solution Ca"y sets of five Cyc|es are acquired.
work fine. For Pb or Al, SCfatChing the surfaces with a clean Itis important to note that the nec@ope and hysteresis
blade is adequate. Tips are always clipped, and care must g the cycle$ depend strongly on the fabrication procedure.
taken not to produce a very fine tip that could bend elastiGentle contact causes necks of type(see Fig. 1 while
cally, since we want all the deformatidiboth plastic and  repeated cycling produces necks of type
elastig to take place at the contact. It must be emphasized
that the actual cleaning of the contacting surfaces takes place
during the experiment: the tip is crashed forcibly and repeat-
edly into the substrate, causing extended plastic deformation In order to determine the minimal cross section from the
until a good metallic contact is obtained. Pressing tip andconductance using the modified Sharvin formula, &g, it
substrate hard has the effect not only of displacing adsonis necessary to be certain that the necks are ballistic. For
bates or oxide on the surface but also of involving largeexperiments performed at low temperature we have used
amounts of material in the formation process which make$CS. Figure 6 shows the PCS curves corresponding to necks,
possible the fabrication of longer necks. This fabrication prothat is steady-state plastic deformation cycles, similaDto
cedure contrasts with thgentlecontact formation by other C, andB in Fig. 1. For a given neck, the PCS curve does not
authors both in conductarftéand forc& measurements. change with the conductangthat is, the derivative of the
In STM experiments, formation of a good metallic contactconductance scales witR®? as given by Eq(2)], but the
is easily recognized because after rupture the apparent tuamplitudes of the phonon peaks are different for different
neling barrier attains a high valu8-4 e\), and separation necks. For a neck such &, the amplitude of the phonon
of the tip and substrate results in the formation of a protrupeaks is maximunfblack curve in Fig. $and similar to that
sion on the substrate that can be imaged. In this case the last previously reported spectfafor ballistic point contacts,
contact has been shown to be of the order ef/B. Forma-  indicating that these necks are quite crystalfifén necks
tion of a good metallic contact is even easier to recognize irsuch asB and C the amplitude of the phonon peaks in the

B. Shape of the necks
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FIG. 7. Plastic deformation length vs minimal cross section of
Au necks fabricated at room temperature and 4.2 K. The dashed FIG. 8. Conductance and shapes of the necks in Fig. 1 using a
line representa. =2\A/, i.e., an aspect ratio of one. slab model.

PCS curve is reduce@ray curves in Fig. pdue to elastic ] . o )
scattering in the neck region, indicating the presence of delyPically about 30% longer This is to be expected, since

fects, but still the necks are far from being disordered. Fronf00m temperature is still much lower than the melting tem-
this evidence we conclude that our experimental metalligerature for Au.
necks formed by plastic deformation are quite ballistic, and In Fig. 8 we show the geometry of four necks right before
are not disordered. This idea is supported by the results direaking. We have chosen the dependenck oh A to be
the molecular-dynamics simulatiofs®? similar to that corresponding to the experimental necks in
In Fig. 1 we show four representative experimental sets ofig. 1. This figure illustrates the fact that starting from the
data. Each set consists of five elongation-contraction cyclesame cross-sectional area it is possible to have necks with
In order to use the previously defined slab model to deducgery different geometries. We must emphasize that necks
the shape of the corresponding necks, we have to find thiabeledA andD are the limiting cases. Necdk (short neck)
equilibrium points(zero elastic force pointsof each con- has a constank~0.2—0.3 nm. On the other hand, nebk
figuration, which is approximately in the middle of the hys- (long neck or nanowiregorresponds to the longest observed
teresis cycle, as illustrated in Fig. 5. Thkastic deformation necks. Note that according to the model the shape of the
length\ for these necks at the largest radiapproximately  neck is only determined by(A) and not by the initial cross
1.9 nm, corresponding to 120 conductance uniss for  sectional area of the neck. Ne&k not only is longer but
curve A, 0.2 nm; for curveB, 1 nm; for curveC, 2.8 nm; also, as shown by the PCS curve, it has less defects, that is,
and, for curveD, about 6 nm. In all cases, except for curveit is more crystalline. Another interesting feature of these
A, this value decreases monotonically. Taking into accountong necks is that their evolution is typically very repetitive.
the physical meaning af, we can see that for neck D the Figure 9 shows another long neck. The repetitiveness is re-
amount of material involved in the plastic deformation is markable, not only the five consecutive cycles superimpose
many times larger than for neck A. In this last case only onealmost perfectly, but the configurations appear to be the
atomic layer is involved, while in the former case many lay-same(or very similay for elongation and contraction. These
ers redistribute in the process of plastic deformation. long necks very often evolve repetitively for an indefinite
In order to summarize all the different observed behavnumber of cycles once the steady state is reached. This re-
iors, in Fig. 7 we show a log-log plot aof vs A at room  petitiveness is not observed in short necks. This behavior is
temperature and at 4.2 K. The few curves plotted are reprdikely to be related to the deformation mechanism during
sentative of the observed behavior for hundreds of necks dflastic deformation. For short necks, relaxation would in-
cycles. All the observed curves are within the same region ivolve a structural transformation in which a portion of the
the plot. The dashed line corresponds ta @&qual to the neck of thickness., composed of just a few atomic layers,
diameter of the neck. Note that some curves lie above thibecomes disordered, and then rearranges to form an added
line, that is, the longest necks are longer than their diametetayer*?®that is, some kind of order-disorder transition. This
Naturally A decreases to a few tenths of a nanometer as thdisorder precludes repetitiveness. On the other hand, the val-
minimal section decreases to one corresponding to a fewes of\ for long necks indicate that the structural transfor-
atoms. On the other hand, the shortest necks show smathation involves many atomic layers. In this case the defor-
variations of\, typically from 0.5 to 1 nm. Necks formed at mation mechanism is likely to involve gliding ofil11)
low and room temperature are not very differéat room planes(as illustrated by the recent molecular-dynamics simu-
temperature, long necks are somewhat easier to form ardtions in Refs. 13 and 28instead of disorder and
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strate is scanned with a similar protrusion acting as the STM tip the
actual dimensions of the protrusion would be given approximately
by the dashed line.

FIG. 9. Striking repetitiveness of the conductance during the
cyclical plastic deformation of a long Au neck at 4.2 K. This is a setcates that the neck is quite crystalline. Possibly this repeated
of five consecutive elongation-contraction cycles. The neck goeplastic deformation causes a “mechanical annealing” of the
through the saméor very similay configurations during elongation defects.
and contraction in all the cycles.

displacement (nm)

. . . . IV. CONCLUSIONS
rearrangemerttt making possible a cyclic evolution through

almost identical configurations. A simple slab model that correlates minimal cross-

If the substrate is imaged right after breaking a neck, ssectional areas determined from the electrical conductance
protrusion is observed on the spot where the neck wagduring the contraction and elongation process to the relative
formed. Figure 10 shows the profile of such a protrusiontip-substrate displacement can be used to estimate the shape
The observed profile must be correctgdished ling taking  of the metallic neck formed using a STM, and point-contact
into account that a similar protrusion is acting as a scanningpectroscopy can be used to check that the constriction is
tip. These dimensions are consistent with the shapes esiideed ballistic, which is essential for the correct determina-
mated using the slab model. tion of the minimal cross section.

The geometries of the necks in Fig. 8 suggest that when a Determination of the shape of experimental Au necks at
neck of typeA breaks at low temperatures, when surfacelow (4.2 K) and room temperatures shows that there is a
difussion is negligible, the last few atoms should form astrong dependence on the fabrication procedure, it being pos-
sharp spire. However, this kind of structure is unlikely to besible to form long necksor nanowire by repeated elonga-
stable due to surface tension. This final sharp structure réion and contraction, while necks formed at initial shallow
tracts several tenths of nanometer, and only a blunt protrundentations are typically short. The striking repetitiveness of
sion is visible. the conductance during elongation-contraction cycles of the

The different types of necks described above depend otong necks, and the fact that electronic transport is ballistic,
the history of the contact. In the case of Au illustrated heregs indicated by PCS measurements, show that long necks are
short necks(type A) are typically obtained for the initial quite crystalline.
indentations, while long neck&ype D) require a deeper
indentation and repeated elongation and contraction. The fact
that long necks present a prominent and repetitive stepped
structure in the conductandgkke the neck in Fig. § and a This work was supported by the DGICYT under Contract
large amplitude of the phonon peaks in the PCS curve, indiNos. MAT95-1542 and PB94-0382.
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