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Properties of Metallic Nanowires: From [local conductance minima associated with 
the presence of disorder (20)], is correlated 

Conductance Quantization to Localization with atomic-scale structural transforma- 
tions that occur during the layer-by-layer 

J. I. Pascual, J. Mendez, J. Gomez-Herrero, A. M. Barb, order-disorder elongation process. The 

N. Garcia, uzi  andm man,* W. D. Luedtke, E. N. ~ o ~ a c h e k ,  dominance of disorder and the onset of 

H.-P. Cheng localization in long wires (longer than the 
localization length) are shown by a nonlin- 
ear dependen& of the resistance R on the 

Material structures of reduced dimensions exhibit electrical and mechanical properties length of the wire t as it is pulled contin- 
different from those in the bulk. Measurements of room-temperature electronic transport uously [that is, In R ( t )  - t2] .  Moreover, 
in pulled metallic nanowires are presented, demonstrating that the conductance char- current versus voltage data, recorded at se- 
acteristics depend on the length, lateral dimensions, state and degree of disorder, and lected stages in the elongation process, in- 
elongation mechanism of the wire. Conductance during the elongation of short wires dicate gradual loss of metallic character as 
(length e - 50 angstroms) exhibits periodic quantization steps with characteristic dips, the long wire narrows. 
correlating with the order-disorder states of layers of atoms in the wire predicted by In our experiments, contact between the 
molecular dynamics simulations. The resistance R of wires as long as e - 400 angstroms tip and the substrate is produced either by 
exhibits localization characteristics with In R(e) - e2. the application of a voltage pulse or by 

indentation, starting from typical STM tun- 
nel conditions. Once the contact is pro- 
duced, as indicated by the electrical current 

Material  systems of reduced size or dimen- wire and to a decrease in the number of flowing between the two electrodes, we 
sionality may, and often do, exhibit proper- transverse modes or channels in the elongate theocontact by retracting the tip 
ties different from those found in the bulk. stretched junction. Such quantized conduc- slowly (-1 A/s). To  achieve optimal con- 
These include quantized conductance (1 ,  tance steps have also been observed in 0th- trol over the STM operations, we have 
2) in point contacts and narrow channels er measurements (16-18), as well as the developed a digital control unit (21) that 
whose characteristic (transverse) dimen- formation of long Pb wires at elevated tem- allows us to break the feedback loop at any 
sions approach the electronic wavelength, peratures (1 9). prescribed time and act on the piezo ele- 
localization phenomena in low-dimensional In this report we investigate the evolu- ment (z-piezo) that controls the relative 
systems ( 3 ) ,  and mechanical properties tion of room-temperature electronic trans- displacement in the z direction between the 
characterized by a reduced propensity for port properties in Au nanowires, from quan- tip assembly and the substrate. We  carried 
the creation and propagation of dislocations tized conductance [in 2e2/h or 2(2e2/h) out experiments at room temperature, using 
in small metallic samples (4-7). Such phe- steps, where h is Planck's ~ons t an t ]  with a homemade STM heads operating either un- 
nomena are of considerable scientific and spatial periodicity of -2 A during elonga- der ambient conditions or at ultrahigh vac- 
technological interest, particularly in the tion of short (-50 A )  wir$s, to the onset pf uum (UHV). Gold evaporated onto mica 
area of miniaturized, highly compact, elec- localization in long (100 A < t < 400 A )  and A u ( l l 0 )  single crystals were used as 
tronic devices. ones. Combining electronic conductance samples, and Pt-Ir and Au tips were used 

Most studies of electronic transport phe- measurements with molecular dynamics interchangeably [our results are insensitive 
nomena in microconstrictions are currently (MD) simulations of the wire elongation to the kind of tip used; most likely, the Pt-Ir 
performed on high-purity two-dimensional process reveals that for short wires, the pe- tip apex is covered with Au atoms once the 
(2D) electron-gas systems havipg a large riodic occurrence of quantized conduc- tip touches the sample (5-7)]. Because the 
Fermi wavelength (A, = 400 A )  and are tance, accompanied by characteristic "dips" wires are more easily formed in air, the data 
conducted under cryogenic conditions (2). 
In contrast, our focus here is on room- 
temperature transport in 3D metallic 
nanowires with A, = 5 A. In such systems, 
where the width of the constriction is of the 
order of A,, the atomic-scale structure, im- 
perfections, impurities, and diffusive bound- 
ary scattering are expected to play an im- -20- 

portant role. Nevertheless, room-tempera- 3 
ture measurements (8) made with a scan- - - 

ning tunneling microscope (STM) have [ 
shown othat short and thin Au nanowires O 10- 
(-40 A long) exhibit conductance quanti- 
zation (1,  2 ,  9-15), attributed to changes in 
the contact area during elongation of the 
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presented in this report were measured un- 
der ambient conditions. However, similar 
results were obtained in UHV. 

Experiments were performed on a large 
number of wires (both short and long ones). 
Typical data are shown in Fig. 1 A  for the 
conductance of a short wire (-50 A).  We  
produced these data by bringing a Pt-Ir tip 
into contact with an  Au surface at room 
temperature and subsequently elongating 
the contact slowly by retracting the tip (a  
constant bias voltage of 32 mV was applied 
during the process). We maintained con- 
stant voltage during the measurements by 
using a low-gain current-voltage (I-V) con- 
verter as explained in (8). The conductance 
exhibits quantized steps in one or two units 
of 2e2/h, and the elongation in te rv~l  be- 
tween successive stens either is -2 A or is 
split into two il;)tervals whose combined 
length is -2 A. Furthermore. minima - 
(dips) tend to accompany the quantized 
iumns (see below). 
3 '~ 

Next we present data for a long wire that 
was produce! by the elongation of the con- 
tact for 95 A under a constant bias voltage 
of 500 mV [a deeper indentation of the tip 
into the substrate before elongation of the 
contact generates larger contacts and results 
in longer pulled wires (5-7)]. A t  this point, 
the long wire, having a contact resistance of 
15 kilohms, was pulled further for an  ad- 
ditional 20 A until it broke (Fig. 1B). High 
values of the contact resistance were 
reached, which in the case of the data 
shown in Fig. 1B increases from - 16 to 37 
kilohms. These values are considerably 
higher than 12.9 kilohms, the resistance of 
one quantum conductance channel. For the 
data shown in Fig. 2, where a resistance as 
high as 150 kilohms was ~eached,  a Pt-Ir tip 
was retracted for 185 A before breaking 
occurred, during the application of a bias 
voltage of 100 mV. In this experiment we 
stopped the elongation process at five dif- 
ferent values of the wire resistance to per- 
form fast (-0.1 s) measurements of I-V 
characteristics (inset, Fig. 2). 

The observed voltage dependence of the 
current through the wire (Fig. 2) indicates a 
transition from a metallic, linear character 
for long wires with a large cross-sectional 
area (lower resistance) to a semiconducting 
or insulating-like regime for longer and nar- 
rower wires. Although further studies of this 
behavior are necessary, it is suggested (15) 
that these observations may be a conse- 
auence of increasing disorder in the wire or " 
may imply Coulomb charging or the in- 
creasing importance of electron-electron 
correlations as such long wires become 
thinner, possibly leading to the appearance 
of conductivity gaps. 

T o  discuss the origins of these experi- 
mental results, we correlate them with ex- 
tensive MD simulations, where retraction of 

a tip from an Au surface after contact re- 
sulted in the formation of a solid Au junc- 
tion (5-7). The elongation of the junction 
in response to the applied external pulling 
force at room temperature, simulated by 
means of an  overall slow translation of the 
tip to allow for dynamical structural relax- 
ations, consists of a sequence of stepwise 
elongation stages, which were predicted (5- 
7) to result in oscillations, with approxi- 
mate interlayer distance periodicity, in the 
recorded force. In each elongation stage, 
atoms in layers (mainly in the vicinity of 
the narrowest part of the junction) respond 
first by accumulations of stress accompanied 
by strained configurations of the wire 

Fig. 2. Resistance versus , 
elongation of a wirt that was 
pulled up to 185 A in total. 
Elongation was stopped at 
five places (A through E) to 
measure the I-V spectra g 
shown in the inset. We con- s - 
ducted the retraction at acon- 3 
stant speed of the order of 1 A 
s-' while applying a constant looL -20 

voltage of 100 mV. Letters in- 
dicate the stopping points at % -1000 -500 o 500 1000 

which the I-V data were ac- 
quired (ten such measure- 

(which remains ordered in atomic layers, 
although with increasing nonuniformity of 
the interlayer spacings). This stage is fol- 
lowed by a shorter period of atomic disor- 
dering and rearrangement that culminates 
in the formation of an  added layer, with a 
relief of the accumulated stress and restora- 
tion of a higher degree of order in the wire. 
Consequently, each such elongation-neck- 
ing stage results in a more extended crystal- 
line junction (in increments of the order of 
the intedlayer spacing in the junction, that 
is, -2 A )  of a smaller cross-sectional neck 
area (see Fig. 3, A and B). Details of the 
elongation mechanism may depend on the 
dimensions (length and width) of the wire 

ments were made at each 
point). The discontinuities af- 

C 
B- 

A- 
/ 

tained from shbrt-time trajec- 
tories during a MD simulation 
(5) of a Ni tip slightly indented 
into, and then retracted from, 
an Au(001) surface at 300 K. 
On the left, a four-layer or- 
dered Au junction formed be- 
tween the tic, and the sub- 

ter I-V measurements may be o 
due to some changes in the 40 80 120 
wire during the experiment. z-plezo Displacement (A) 

Fig. 3. (A) Side views of 
atomic configurations ob- 
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strate (the fdurth layer of the 
junction coats the bottom of 
the tip); the middle configura- 
tion demonstrates disorder in 
the junction during elonga- 
tion, culminating in the five- 
layer ordered junction shown 
on the right. (B) Top views of 
the in-layer atomic arrange- 
ments corresponding to the 
four-layer ordered wire. (C) 
Profiles of atomic densities 
plotted versus distance (z) 
along the axis of the wire. The 
solid lines in the upper and 
lower parts of the figure corre- 
spond to the four-layer and 
five-layer ordered junctions, 
respectively [left and right 
configurations in (A)]. The dashed line in the upper part corresponds to the four-layer strained configura- 
tion, and the dashed line in the lower part to the disordered structure [middle configuration in (A)] that 
developed during the elongation process. Hatched regions represent Au substrate (z 5 0) and Ni tip layers. 
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as well as on the structure, comnosition. 
and crystalline orientation of the surface, 
wire, and  ti^, which can influence the & .  

modes of plastic yielding and reordering 
processes. For example, in the aforemen- 
tioned simulations involving a Ni tip, an 
Au(001) surface, and a small-radius con- 
nective junction (wire), the elongation pro- 
cess did not appear to involve slip along 
well-defined glide planes. However, in 
room-temperature eJongation simulations 
(7) of a larger (75 A long) Au( l l1 )  wire, 
t?pered to an initial midneck radius of - 17 
A, we observed, at various stages, slip 
events that may occur along a system of 
glide planes [for example, ( 1 1 1 ) and ( 1 lo)] 
and more localized (not involving slip) dis- 
ordering-ordering layer-addition processes 
that become dominant for smaller cross sec- 
tions. Indeed, although we focus here on 
measurements of conductance quantization 
in thin wires (characterized by about 10 or 
less conductance channels), our experi- 
ments on thicker wires show a different 
pattern (less well-defined plateaus and steps 
and variable conductance step heights), 
transforming to the behavior shown in Fig. 
1A as the wire narrows. 

To illustrate the elongation process, we 
show in Fig. 3A side views of atomic con- 
figurations, starting from a layer-ordered 
junction containing four atomic layers (see 
the corresponding intralayer atomic ar- 
rangements shown in Fig. 3B) and ending 
with a longer layer-ordered junction con- 
taining five layers, along with a structure 
during the intervening disordered stage. 
Corresponding plots of the atomic density 
profiles along the normal axis ( z )  of the 
iunction shown in Fie. 3C illustrate the - 
atomic distributions in the initial and final 
ordered stages of the iunction and during - - 
the straining and disordering stages of the 
transformation. 

During elongation, the wire evolves 
through atomic configurations with various 
degrees of order and disorder. Even in the - 
ordered stages, which exhibit crystalline- 
like atomic lavers alone the axis of the 
junction, the shapes of t i e  layers are rather 
irregular (see Fig. 3B), resulting in a solid 
wire with a surface roughness of a few ang- 
stroms, c~mparable~to  the wavelength of 
the electron (-4 A).  Although such an 
aspect of disorder may not greatly affect the 
mechanical characteristics, it can influence 
electronic transport processes. 

The appearance of room-temperature 
quantized conductance in the short wires 
and its persistence [see Fig. lA,  where nine 
steps of height (3, = 2ez/h or 2(2ez/h), with 
a period d - 2 A, the interlayer spacing in 
the material, are seen] are quite remarkable, 
particularly in view of the known sensitivity 
of conductance quantization to the presence 
of disorder (which in our wires includes 

surface roughness and disorder occurring be- - u 

tween the intermittent layer-ordered stages) 
(see Fig. 3). This result implies that, overall, 
wires in this length regime maintain a suffi- 
cient degree of crystalline order (Fig. 3) to 
sustain quantization of the conductance. 

Furthermore, significant insights into the 
microscopic mechanism of the elongation 
process and the nature of disorder in the wire 
are provided by the observation of dips that 
accompany the quantized conductance steps 
(see Fig. 1A). Such conductance dips have 
been discussed (20) in the context of static 
disorder in 2D svstems, where their occur- 
rence, for a sufficient degree of disorder, was 
shown to be accompanied by rounding of the 
conductance steps and loss of quantization in 
units of Go. In our case, the degree and 
distribution of disorder in the wire change 
during the elongation process. Moreover, our 
data (Fig. 1A) exhibit sharp steps, plateaus, 
and clear quantization in units of Go or 2Go. 
Consequently, although some intrinsic dis- 
order in the wire may contribute to the 
occurrence of such dins, we associate them . , 
mainly with electron scattering caused by 
the enhanced structural disorder that devel- 
ops toward the completion of each of the 
discrete elongation stages of the wire. The 
rapid rise in the conductance after each dip 
indicates restoration of a higher degree of 
order in the pulled wire subsequent to the 
disordering-rearrangement elongation stage. 
In addition. the variabilitv in the conduc- 
tance quaniization step he'ight (one or two 
2ez/h units) and the occasional occurrence of 
two successive steps in an elongation inter- 
val of combined length -d (see Fig. 1A) may 
originate from stick-slip characteristics of the 
straining-yielding elongation process and 
from factors that influence the quantization 
of transverse electronic states (channels) in 
the wire (these include accidental degener- 
acies of transverse electronic modes, irregu- 
lar layer shapes, and most likely the occur- 
rence of intermediate atomic configurations 
during the elongation process that satisfy the 
condition for closing of a conductance chan- 
nel). These observations support a correla- 
tion between the measured patterns and the 
aforementioned periodic layerwise order-dis- 
order elongation mechanism of the wire. 

In contrast, conductance quantization 
was not observed $ring elongation of long 
wires (4 2 100 A, see Fig. 1B). For such 
long, quasi-1D wires, in which the resis- 
tance reaches values much higher than the 
quantum unit of resistance, one may expect 
localization signatures ( 3 ) ,  if the length of 
the wire 4 exceeds the localization length L. 

u ,  

implying an exponential growth of the re- 
sistance R with (, that is, R(4) - exp ((/L). 

However, because the wire is being con- 
tinuously pulled, the value of L may vary, 
depending on the elongation. The localiza- 
tion length is given by (22) L - SkFZA, 

where S is the cross-sectional area of the 
wire, k, is the Fermi wave vector, and A is 
the elastic mean free oath. Because the vol- 
ume fl of the wire remains constant during 
room-temperature elongation [as observed 
in MD simulations (5-7)], S decreases with 
increasing ( (for a cylindrical wire S = a/[). 
Using this relation in exp[t/L(4)] leads to a 
nonlinear dependence, In R(()  - eZ. In- 
deed, such a dependence of the measured R 
qn 4 is depicted in Fig. 1B (values of L 5 40 
A mav be estimated from these data). 

These observations, which correlate 
with the wire elongation mechanism vre- 
dicted by MD s imukons ,  demonstrate-the 
size-evolutionarv Datterns of nroverties in , A A 

material systems of reduced dimensions. 
Such patterns are of fundamental as well as 
technological importance, particularly for 
nanostructured and miniaturized devices. 
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