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Role of structural evolution in the quantum conductance behavior
of gold nanowires during stretching
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Gold nanowires generated by mechanical stretching have been shown to adopt only three kinds of configu-
rations where their atomic arrangements adjust such that either the@100#, @111#, or @110# zone axis lies parallel
to the elongation direction. We have analyzed the relationship between structural rearrangements and electronic
transport behavior during the elongation of Au nanowires for each of the three possibilities. We have used two
independent experiments to tackle this problem: high-resolution transmission electron microscopy to observe
the atomic structure and a mechanically controlled break junction to measure the transport properties. We have
estimated the conductance of nanowires using a theoretical method based on the extended Hu¨ckel theory that
takes into account the atom species and their positions. Aided by these calculations, we have consistently
connected both sets of experimental results and modeled the evolution process of gold nanowires whose
conductance lies within the first and third conductance quanta. We have also presented evidence that carbon
acts as a contaminant, lowering the conductance of one-atom-thick wires.

DOI: 10.1103/PhysRevB.67.045412 PACS number~s!: 68.37.Lp, 73.63.2b, 72.10.2d
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I. INTRODUCTION
The electron transport through nanometric conductors

tracts a huge interest due to constant shrinkage of microe
tronic devices.1 In particular, metal nanowires~NW’s! dis-
play interesting quantum conductance behavior even at r
temperature.2 From a practical point of view, NW’s can b
easily generated by putting in contact two metal surfac
which are subsequently pulled apart. During the NW elon
tion and just before rupture, the conductance displays
plateaus and abrupt jumps, which for metals, such as
take a value of approximately one conductance quan
G052e2/h ~wheree is the electron charge andh is Planck’s
constant!.

In spite of the simplicity of the experimental procedure
new structure with a different evolution is observed for ea
NW generation and all conductance curves have plateaus
jumps, but they display disparate profiles.2 In order to over-
come this difficulty, a simple statistical method has been u
ally applied to analyze the average behavior. Instead of c
sidering the conductance as a function of the elongation,
transport properties can be represented as a histogra
conductance occurrence, in such a way that a flat pla
generates a histogram peak.2 By linearly adding the histo-
grams associated with each conductance curve, a globa
togram is generated, which describes the general tenden
of an ensemble of NW’s. The global histogram displays we
defined peaks close to the integer multiples of the cond
tance quantum; this fact has been adopted as proof of
tendency to conductance quantization in metal NW’s.2

The statistical method, discussed above, provides in
mation on the average behavior but it hinders the study
NW transport properties. For example, it is not possible
get detailed information on how structural factors influen
the conductance evolution. For several years, the struc
evolution was derived from molecular dynamics simulatio
where the high computer cost imposes the use of simpli
potentials based on effective medium theory;3–10 subse-
0163-1829/2003/67~4!/045412~10!/$20.00 67 0454
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quently, free electron methods were applied to estimate
conductance of the metallic neck~or confining potential!.
More precise methods, considering the electronic struct
have also been applied to calculate the NW conductance
for static atomic configurations.11

Recently,in situ high-resolution transmission electron m
croscopy~HRTEM! experiments have provided a new in
sight in the field. For example, Rodrigueset al.12 have
shown that just before rupture, gold NW’s are crystalline a
free of defects and they assume only three kinds of ato
arrangements: two of them form bipyramidal constrictio
which evolve to one-atom-thick contacts, while the other o
generates rodlike NW’s that break when they are rather th
~three to four atoms!. By considering that Onishiet al.13 have
already shown that atom size contacts display a conducta
of 1G0, it is possible to discriminate between the rodlike a
pyramidal NW morphologies. Further, the relationship b
tween each NW type and electrical transport measurem
was obtained by simple crystallographic arguments. Vali
tion of the initial assumption was obtained by statistica
comparing the occurrence of observed curve profiles.

Although these important developments mostly focus
on the last conductance plateau, a quantitative understan
of the correlation between atomic structure and conducta
during the nanowire stretching is still lacking. In this wor
we have addressed the connection between gold NW st
ture and the quantized conductance behavior during the
elongation. We have used HRTEM to obtain detailed inf
mation on the atomic structure evolution of gold NW’s du
ing stretching, and using crystallographic arguments, we p
posed the three-dimensional structure of the
nanostructures. The NW conductance was measured usin
independent, dedicated experimental setup: a mechanic
controlled break junction operated in ultrahigh vacuu
~UHV-MCBJ!. In order to correlate both sets of data, w
have used a semiempirical atomistic theoreticalFORMALISM

based on the extended Hu¨ckel theory14 ~EHT! which allows
©2003 The American Physical Society12-1
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for the estimation of transport properties of systems wit
large number of atoms.15 The results displayed excellen
agreement between observed structural and conductanc
periments and theoretical calculations, enabling a comp
modeling of the NW elongation process from both the str
tural and transport properties points of view.

The remainder of this work is organized as follows: Se
tion II describes the experimental techniques used to ob
the structural and transport data, respectively; Sec. III
scribes the theoretical model employed to calculate the e
tronic quantum transport through the metallic NW’s; the e
perimental results are presented in Sec. IV followed b
theoretical analysis of the data in both Sec. V, for NW
oriented along the@100#, @111#, and @110# directions, and
Sec. VI for NW’s oriented along the@100#, @111#, and@110#
directions as well as Sec. VI, where the presence of imp
ties is investigated; finally, in Sec. VII we draw our concl
sions.

II. EXPERIMENTAL APPARATUS

We have generated NW’sin situ in a HRTEM ~JEM 3010
URP, operated at 300 kV, point resolution 1.7 Å! using the
method developed by Takayanagi’s group.13,16The procedure
consists in focusing the microscope electron beam~current
density 120 A/cm2) on the sample to perforate and gro
neighboring holes until a nanometric bridge is formed b
tween two of them. We have used a self-supported polyc
talline gold thin film ~5 nm thick, deposited on a holey ca
bon grid! in order to generate NW’s between apexes
different orientations and elongate them in differe
directions.12 Atomic resolution image acquisition has be
performed after reducing the electron beam intensity to
usual value (30 A/cm2). A high-sensitivity TV camera~Ga-
tan 622SC, 30 frames/s! associated with a conventiona
video recorder was used to register NW real-time evoluti
The procedure described above, allows us to generate N
with a remarkable stability, because the NW, its apexes,
the surrounding thin-film regions form a monolithic block.
consequence, the NW’s formed by a few atomic layers u
ally show a long lifetime~1–10 min!. Despite this stability,
the generated NW’s elongate spontaneously, get thinner,
then break due to the relative slow movement of the N
apexes. These apex displacements are probably due to a
deformation induced by thermal gradients between part
the sample, as usually observed in TEM thin-film work.
critical aspect when studying such tiny nanostructures is
presence of contaminants, the most critical one in TEM
ing amorphous carbon.17 However, we must keep in mind
that the intense electron irradiation transforms carbon
bucky-onions and finally cleans the gold surface.18

The electric transport properties of gold NW’s were stu
ied using an independent instrument specially designed
this purpose: namely, an UHV-MCBJ.19 In this approach, a
macroscopic gold wire~99.99% pure,f575 mm) is glued
in a flexible substrate in two points; then it is weakened i
point between the two fixing parts by an incomplete cut.
bending the substratein situ in the UHV, we break the wire
and produce two clean gold surfaces; using the same ben
04541
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movement, the fresh tips are put together and separate
peatedly in order to generate and deform NW’s. It’s imp
tant to remark that in this configuration the NW’s are gen
ated from surfaces obtained in UHV (,1028 Pa), so it is
expected to have a clean sample for a few hours.19 This care
with vacuum conditions is extremely important to gener
reliable experimental measurements on NW properties.12,20

Electrical measurements were done using a homem
voltage source and current-voltage converter powered w
isolated batteries to reduce electrical noise. Data acquisi
was based on an eight-bit digital oscilloscope~Tektronic
TDS540C, 2 Gsample/s, bandwidth 500 MHz!; this elec-
tronic system was developed with the aim of improving t
conductance measurement precision, yielding values wi
relative error of (DG/G);1024. The applied voltage was
100 mV, and the conductance was measured in
@0, 2.8#G0 range to improve the detection of the last tw
quantum conductance plateaus.

III. THEORY

We follow the approach introduced by Emberly an
Kirczenow,15 which is based on the extended Hu¨ckel theory,
which is a method traditionally used in quantum chemistry
calculate the electronic properties of clusters a
molecules.14,21 One advantage of this approach lies in t
possibility of treating the whole nanocontact—both tips a
the nanowire between them—as a unique entity, describe
molecular orbitals.

The tips and nanowire, upon which we base our transp
calculations, are built on the basis of the crystallograp
properties of the material as well as the obtained HRTE
images; no attempt was made to simulate the dynamic
the NW formation. In our calculations the nanocontacts
made up of as many as 150 gold atoms for some structu
In order to calculate the quantum electronic states of
clusters as big as these, a semiempirical method is neces
to produce results within a reasonable time. For this rea
the EHT is employed; the method includes overlap terms
matrix elements that are not restricted to first neighbo
moreover, all valence states—5d, 6s, and 6p, in the case of
Au—are considered. One drawback is the fact that, in
standard form, the EHT is a one-electron formalism that d
not take into account explicitly electron-electron interacti
effects. However, we believe that this problem can be p
tially circumvented, because of the parametrization of
orbital wave functions by self-consistent Hartree-Fock sta
and the use of semiempirical energy parameters. Such ef
are more relevant for the analysis of the structural stabi
and relaxation of nanowires, where the calculation of ene
manifolds is necessary. Nonetheless, tight-binding toge
with molecular dynamics methods, similar to the pres
one, have been successfully used to simulate the dynami
the nanowire formation.22

Let us assume that a nanocontact is formed by two ape
~or tips! and the nanowire itself that connects them. We s
the description by defining the molecular Hamiltonian of t
nanocontact,HNC , and its molecular orbitals~MO’s! uf&:

uf&5(
n

(
j

NC

Af,n j un j &, ~1!
2-2
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ROLE OF STRUCTURAL EVOLUTION IN THE QUANTUM . . . PHYSICAL REVIEW B67, 045412 ~2003!
ef5^fuHNCuf&. ~2!

In Eq. ~1! the sum overn extends over the 5d, 6s, and 6p
orbitals and the indexj covers all Au atoms in the nanocon
tact. The molecular orbitalsuf&, written as a linear combi-
nation of atomic orbitals in Eq.~1!, obey the orthonormality
relation ^f8uf&5df8f . Equation~2! defines the MO ener
gies, so that these MO’s bear quantum phase coher
along the entire nanocontact.

To account for electron transport the nanocontact
coupled to infinite Au leads on both sides@left (L) and right
(R) of the nanocontact#, which behave as charge reservo
~see Fig. 1!. The leads are divided into unit cells whos
MO’s are also obtained by the EHT method:

ua&5(
j

cell

Ba, j us, j &, ~3!

ea
L(R)5^auHL(R)ua&. ~4!

For the sake of simplicity only 6s Au orbitals are used in Eq
~3!. The HamiltonianHL(R) includes overlap terms and is no
restricted to first-neighbor matrix elements within the u
cell. We consider this approximation because the contacts
expected to behave as bulk gold; hence,s orbitals are ad-
equate for describing its electronic properties. In the na
constriction, where the number of atoms is smaller, we
pect a different behavior. Althougĥa8ua&5da8a , it is
noteworthy that the scalar product between both types
MO’s define the overlap term:

^auf&5Saf . ~5!

Having defined the basic physical quantities, let us c
sider the total Hamiltonian

H5HL1HNC1HR1WL1WR . ~6!

The termWL in Eq. ~6! is responsible for coupling the nano
contact with the first unit cell of the lead on its left andWR ,
similarly, with respect to the first unit cell on the right. I
principle HL andHR can be different from each other, as
the case of tips with distinct crystallographic orientations
defects.

FIG. 1. Sketch of the model structure used in the calculati
evidencing one unit cell of the incoming and outgoing leads and
actual NW.
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To account for the transport calculations consider Blo
electrons that propagate through the leads:

uC&5(
n

einububn&, ~7!

with ubn& as one of the MO’s of the unit cell at positionn
and ub&P$ua&%. At the site of the nanocontact the incomin
Bloch wave is scattered, giving rise to reflected and transm
ted waves, according to the framework of the multichan
Landauer formalism.23 Therefore, for a rightward incoming
electron we write the following wave functionuC&5uCL&
1uCNC&1uCR&, where

uCL&5 (
n,0

H einububn&1 (
aPL

r abe2 inuauan&J , ~8!

uCNC&5(
f

Cfbuf0&, ~9!

uCR&5 (
n.0

(
aPR

tabeinuauan&. ~10!

The incoming electron has energyE(ub)>eb
L in order to be

a propagating state. In expression~9!, uf0& represents the
f-MO’s of the nanocontact, which occupies the siten50,
andCfb are unknown coefficients. Similarly, in Eqs.~8! and
~10!, uan& is thea-MO of the unit cell at positionn; r ab and
tab are the channel reflection and transmission coefficie
to be determined in the sequence, which will be used
calculate the total transmissionT(E) and reflectionR(E) of
electrons propagating through the nanocontact. The par
eteru is a dimensionless wave vector for the Bloch waves
the leads.

In order to determine the coefficients$r ab ,tab ,Cfa% a
complete set of MO’s$j%[$f%ø$a% is put together, where
we project the equationHuC&5EuC&. As a result we obtain
a nonhomogeneous system of coupled equations that ca
solved numerically to yield these coefficients. A detailed d
scription is provided in the Appendix.

Concluding the procedure, we define the total transm
sion and reflection coefficients, which are written in terms
the incoming and outgoing coefficients and the electron
locity va of the respective Bloch wave mode:

Tb~E!5 (
aPR

8
va

vb
utabu2, ~11!

Rb~E!5 (
aPL

8
va

vb
ur abu2, ~12!

where the prime means that the sum is made exclusiv
over the propagating modes, that is,E(ua)>ea .

Finally, the Landauer formula2,24 is used to determine the
charge transport through the nanocontact. For a degene
metallic system in the linear response regime, the elec
chemical potential difference between source and drain ta
the limit Dm→0 and the conductanceG5I /V becomes

s
e

2-3
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FIG. 2. ~a! Au NW global histogram and~b!–
~d! histograms associated with each of the thr
types of curve profile~see text for explanation!.
The greatest recorded value shown in the his
gram’s abscissa is 2.8G0. The arrows show the
existence of peaks below 3G0. The insets of ev-
ery figure show typical conductance curves f
each direction.
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2e2

h (
b

8 Tb~EF!,

~13!

whereh is the Fermi-Dirac distribution andEF is the Fermi
energy. Since the voltage applied across the leads is s
compared toEF , the conductance is to be considered wh
the electron energy is close to this value.

IV. EXPERIMENTAL RESULTS

Figure 2~a! shows the global histogram generated from
series of 500 collected conductance curves of gold NW
measured using the UHV-MCBJ. Three peaks can be ide
fied in the histogram; as expected the major one is clos
1G0 and the two minor ones are at 1.8G0 and 2.8G0.

Rodrigueset al.12 have demonstrated that analyzing t
occurrence of the last two conductance plateaus~around 1G0
and 2G0), the conductance curves can be grouped in th
different classes:~a! only a plateau at 1G0, ~b! plateaus at
1G0 and 2G0, and, finally, ~c! no plateau at 1G0. These
characteristics are associated with the crystallographic di
tion along which the NW is being elongated, correspond
to the @100#, @111#, and @110#, respectively. As the globa
histogram superposes and hides this structural informat
we have built three histograms formed by each group
conductance curves@Figs. 2~b!–2~d!, examples of the con
ductance curves are presented at the insets#. This approach
allows us to obtain a statistical validation for the sequence
conductance plateaus appearing during the NW elonga
along each axis, extending the range from 2G0 to 3G0. In
these terms, it can be deduced that the thinning of a
along @100# axis ~hereafter denoted@100# NW! generates a
conductance curve with plateaus close to 3G0 and 1G0 @see
curves, inset, Fig. 2~b!#; a @111# NW, plateaus around 3G0 ,
2G0, and 1G0 and, finally, for@110# NW’s, plateaus around
3G0 and 2G0.

Figure 3 shows typical HRTEM micrographs of the thr
possible Au NW structures; a common feature of all the
served NW’s is the fact that they are defect-free cryst
04541
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Figures 3~a!–3~d! show snapshots of the elongation proce
of a NW along the@100# direction, where the progressiv
thinning of the constriction can be followed with atom
resolution. We can see from these images that the
stretches from a symmetrical bipyramidal NW with a tw
atom wide minimal section@Fig. 3~b!# to a constriction
formed by two misaligned truncated pyramids with a tw
atom-wide top@Fig. 3~c!#. Finally, a one-atom-thick contac
is formed @Fig. 3~d!#; this contact subsequently evolves
form a suspended chain of atoms~ATC! before rupture~not
shown!. Figure 3~e! allows the clear visualization of the bi
pyramidal morphology of a one-atom-thick contact form
for @111# NW’s. In contrast,@110# NW’s generate rodlike
structures before rupture@Fig. 3~f!#.

At this point, it is useful to recall some basic aspects
the reportedin situ HRTEM experiments. First, HRTEM im-
ages of NW’s can be described as a two-dimensional pro
tion of the atomic potential; then, good quality atomic res

FIG. 3. Real-time HRTEM images showing typical nanowir
formed in the direction of the three zone axes.~a!–~d! Elongation
process of a@100#-oriented NW; note the existence of two mis
aligned planes just before the formation of the ATC.~e! ATC ori-
ented along the@111# direction and~f! rodlike structure formed
along the@110# direction.
2-4
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lution information is only obtained from crystals very we
oriented in relation to the microscope electron beam. In
experiments, we cannot easily control the orientation of
apexes forming the nanometric constrictions, so the poss
ity of getting sequences as shown in Figs. 3~a!–3~d! ~@100#
NW! is statistical and unpredictable.

Unfortunately, this kind of detailed information on th
atomic arrangement evolution could not be observed for
other two types of NWs~@111# and @110#!. Another limiting
factor of our dynamical HRTEM observations is the tempo
sampling of our image acquisition system allowing the c
ture of 30 frames per second; very rapid events (,1/30 s)
may go by undetected.

Despite these difficulties, HRTEM images provide
wealth of remarkable information to derive the atomic stru
ture of gold NW’s from. By combining the atomic resolutio
micrographs~two-dimensional projections of the structur!
and the known surface energy properties of the analyzed
tems it is possible to deduce the three-dimensional ato
arrangement of NW’s. This procedure is based on the
called Wulff construction that allows a quick geometric
determination of the faceting pattern of nanostructure25

such an approach has already been successfully applie
study Au ~Ref. 12! Ag ~Ref. 26!, and Pt~Ref. 27! NW’s.

In the following sections, we present a careful and th
ough analysis of the derived atomic arrangements and t
evolution for the three kinds of Au NW’s; the theoretical
obtained electronic transport properties of such structures
compared with the conductance behavior observed with
UHV-MCBJ experiment.

V. DISCUSSION: CORRELATION BETWEEN ATOMIC
STRUCTURE AND ELECTRONIC EFFECTS

A. †100‡ gold NW’s

The @100# nanocontacts are generated by two pyrami
tips, each of them faceted by four low-energy~111! planes;
they can be elongated until atomic chains are formed, hav
generally two to four atoms in length.12 Figure 4 illustrates
three nanocontact geometries based on the crystallogra
structure of face-centered-cubic~fcc! bulk gold and the
Wulff method. These structures simulate the steps of the
evolution in the experiments. Figure 4~a! shows the cross
section~@100# direction! and side view~@011# direction! of an
atomically sharp@100# NW tip; the side view presented rep
resents the structural arrangement as seen from HRTEM
ages in Figs. 3~a!–3~d!. This particular tip is formed by the
stacking of a plane of nine atoms~black circles! followed by
a plane of four atoms~dark gray circles! and, finally, one
atom at the end of the tip~light gray circle!. The notation
used hereafter to designate the structures is given by
number of atoms that make up the alternate planes sta
along the NW orientation axis. The one-atom-thick cont
~941149! which is the structure observed just before ruptu
@an example is presented in Fig. 3~e!# is then formed by
mirror imaging the tip arrangement described above. We
use this pyramidal tip arrangement to model the thic
NW’s observed prior to the formation of the 941149 stru
ture; i.e., we can build thicker structures by removing plan
04541
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of atoms from the tip arrangement in Fig. 4~a!. Hence, in
simple terms, we would expect that the second thinnest@100#
constriction would be formed by pyramids where the on
atom tip is removed, leading to a minimum cross section
four atoms. By joining two pyramids sharing the four-ato
plane we generate the 949 neck shown in Fig. 4~b! and cor-
responding to the experimental results in Fig. 3~b!.

However, HRTEM data clearly show the existence of
intermediate structure@Fig. 3~c!# where the two truncated
pyramids forming the apexes are not aligned with respec
each other. Assuming that all the neck region is defect f
~i.e., a perfect arrangement of atoms in a fcc lattice! and
following the Wulff morphology we must conclude that th
NW is formed by two four-atom planes which are not n
aligned with each other; rather, the corner of one of th
planes is located at the central axis of the other and v
versa. This structure is presented in Fig. 4~c! and labeled
9449.

Using the formalism of Sec. III, we have calculated t
quantum conductance for the NW morphologies shown
Fig. 4 as a function of the electron energy. The results
shown in Fig. 5, where the vertical line indicates the value
the Fermi energy in the leads. At first, we notice that t
one-atom-thick contact~941149, distance between the atom
is 2.88 Å even at the contact! shows a conductance curve th
yields a very stable plateau atG(EF)51G0 which corre-
sponds to a peak around 1G0 in the histograms@Fig. 2~b!#.
On the other hand, the 9449 nanocontact displays a con
tance ofG(EF);3G0 and the 949, 4.5G0.

In brief, the one-atom-thick~941149! and ATC’s conduc-
tances~9411149, also calculated but not shown here! are
;1G0 while the 9449 structure shows a conductance
;3G0. Each of these conductance values agrees very
with the peaks in the global conductance histogram for
@100# zone axis@Fig. 2~b!#. In other words, we have ac
counted for the peaks in the histogram, corroborating
assumption that the sequence of atomic arrangements sh

FIG. 4. Atomic geometry of different Au nanocontacts orient
along the @100# direction. The notation indicates the number
atoms in the planes perpendicular to the@100# axis in the constric-
tion region:~a! 941, ~b! 949, and~c! 9449 tips. The dashed lines i
~a! indicate the edge of the fcc unit cell anda0 is the lattice param-
eter.
2-5
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REGO, ROCHA, RODRIGUES, AND UGARTE PHYSICAL REVIEW B67, 045412 ~2003!
in Fig. 4 can, in fact, represent the dynamics of NW evo
tion along the@100# direction. It is also worth noticing tha
the deduced structural evolution shows no contribut
around 2G0, in agreement with the conductance histogra
Finally, the 949 morphology presentsG(EF);4.5G0, which
would represent a thicker structure; however, our exp
ments have not included conductance measurements in
range.

B. †111‡ gold NW’s

For the case of@111# NW’s, we have no atomic resolutio
HRTEM images that show the structural evolution during
thinning process. However, we can model the structures
ing the same procedure of Sec. V A~Ref. 12!; i.e., we can
start with the one-atom-thick nanowires and make our w
up towards thicker structures. Again, the tip morphology w
built from a fcc crystal. It is worth noting that the stacking
planes in the@111# direction is made by three hexagon
planes placed at alternate intersite spaces~usually labeled
ABCABC. . . ). Thederived@111# pyramidal morphology is
presented in Fig. 6~a!. This arrangement is obtained from th
smallest possible fcc gold nanoparticle, i.e., the cubocta
dral with regular hexagonal faces based on the W
method.12

As was done in the previous section, the one-atom-th
NW is formed by two aligned@111# apexes oriented in op
posite directions. We can label this structure 731137 by
lowing the notation introduced earlier. This structure is d
picted in Fig. 6~b!. In analogy with the procedure adopted f
the @100# direction, we would initially expect that the re
moval of the last atom from the tip and then by joining t
remaining truncated pyramids we would have the arran
ment before the one-atom-thick NW is formed. This partic
lar arrangement is sketched in Fig. 6~c! and is named 737
However, this arrangement is defective because it form
twin at the neck. This twin should be unfavorable in t
sense that the NW’s are free of defects in this s
range.12,28,29In that case, we proposed a structure analog
to the 9449@100# NW which was presented in Sec. V A. Th
new structure is formed by adjoining two truncated@111#
pyramids~73! rotated 180° with respect to each other. T

FIG. 5. Calculations of the quantum conductance~G! as a func-
tion of the electron energy for various NW structures oriented al
the @100# direction: 941149~the one-atom-thick contact!, the 9449,
and 949 nanocontacts. The vertical line indicates the Fermi ene
the conductance is in units of the quantumG0.
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resulting arrangement has a perfect fcc stacking as show
Fig. 6~d!. Finally, molecular dynamics simulations usin
classical potentials30 indicate the existence of a thinner re
gion with two misaligned dimers. As a matter of fact, th
arrangement is formed by simply removing atoms from
apexes of the 7337 NW. This structure, labeled 732237
presented in Fig. 6~e! for atoms in a perfect fcc arrangemen

In Fig. 7, we present the theoretical conductance calc
tions for each of the proposed structures for@111# NW’s. As
previously stated, the experimental results must be comp
to the calculated conductance at the Fermi energy level,

g

y;

FIG. 6. Atomic geometry of different Au nanocontacts orient
along the@111# direction.~a! shows the arrangement of the tip. Th
notation indicates the number of atoms in the planes perpendic
to the@111# axis in the constriction region:~b! 731137,~c! 737, ~d!
7337, and~e! 732237

FIG. 7. Calculations of the quantum conductanceG as a func-
tion of the electron energy for various proposed nanocontact st
tures oriented along the@111# direction: the 737, 7337, 732237, an
the one-atom-thick~731137! nanocontacts.
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resented by the vertical line in the figure. Although the 7
arrangement@Fig. 6~c!# would be a possible configuratio
displaying a conductance of;2.8G0, we must bear in mind
that it presents a twin defect. Hence we have neglected
our analysis. The calculated conductance for the 7337 st
ture, which presents a perfect fcc stacking, is below 2.6G0 as
shown in Fig. 7. Conductance measurements for this or
tation @Fig. 2~c!# show the existence of a peak close to 2G0.
In this sense, the 732237 NW, results inG(EF);1.9G0 as
can be seen in Fig. 7. Finally, structure 731137 yieldsG
51G0 @Fig. 7~d!#.

One might be led to believe that the relaxation of t
thinnest region (. . . 22 . . . ) of the732237 structure will
rotate the two dimers to form a perfect tetrahedron in or
to maximize the number of neighbors. This deformation g
erates a NW with two@111# apexes bounding a@100#-
oriented neck. This deformation decreases the conduct
by a significant amount from 1.9G0 to ;1.2G0, emphasizing
that nanowires are particularly sensitive to breaking symm
tries and to defects in the neck region.

In other words, the 7337 morphology has a conduct
close to 2.6G0, the 732237 NW shows the calculated co
ductance valueG(EF);1.9G0, and at last, for the one-atom
thick contact,G(EF);1G0. Each of these structures can b
associated with one of the peaks of the global conducta
histogram of Fig. 2~c! and to the evolution steps of nanow
ires along this direction.

C. †110‡ gold NW’s

The HRTEM results show that compared to the other t
kinds of nanowires, the@110# NW’s are rather brittle; i.e.,
they break when they are two to three atoms thick with
forming atomic contacts. Figures 8~a!–~d! show the pro-
posed structure of rodlike@110# NW’s as they decrease i
diameter, by losing atomic planes.12 Again, the notation used
in naming these structures comes from the number of at
contained in each plane forming the NW~black and gray
circles!. However, in this case, due to their large aspect ra
we show only the rodlike part and leave out the apexes.
thickest NW@Fig. 8~a!#, labeled 4/3, is formed by two fami
lies of low-energy~111! facets and two high-energy~100!
ones. By removing three lines of atoms from the previo
structure we reduce it to the 2/2 NW. Finally we consid
two possible scenarios: the 2/2 NW is subtracted from on
the ~111! planes~atomsA1 andA2), giving rise to the alter-
nate two-atom chain, 1/1, shown in Fig. 8~c!; the other pos-
sibility is the elimination of the central plane of atoms~at-
omsA2 andA4), generating the parallel two-atom chain 2
@Fig. 8~d!#.

The calculated conductance for each of the@110# NW’s
presented in Fig. 8 is shown in Fig. 9. We can see that
conductance curves presented show oscillations that a
from interference effects inside the contacts. These osc
tions are sensitive to the atomic positions, so we must c
sider an average around the valueEF . The calculated con-
ductance for the 4/3 structure, as presented in Fig. 9~a!, is
G(EF).4.5G0. Meanwhile, for the 2/2 case it is close
2.8G0. The last two NW structures 1/1 and 2/0 show ess
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tially the same conductance patternG(EF);2G0. The last
HRTEM image—within the time resolution considered—f
NW’s formed along the@110# direction is the 2/2 structure
so it is not possible to resolve the final structure. Howev
the conductance histogram of Fig. 2~d! shows that the las
plateau is approximately 1.8G0, indicating that at least one
of these structures must be present in UHV-MCBJ exp
ments.

FIG. 8. Cross section~left! and side view~right! of the sche-
matic representation of possible rodlike@110# NW’s at various
stages of the thinning process. The atomic arrangements are la
from the number of atoms forming the alternate stacking pla
generating the rods:~a! 4/3, ~b! 2/2, ~c! 1/1, and~d! 2/0. See the text
for a definition of the notation.

FIG. 9. Calculations of the quantum conductanceG as a func-
tion of the electron energy for various rodlike NW’s along the@110#
direction:~a! 4/3, ~b! 2/2, ~c! 1/1, and~d! 2/0 structures. The verti-
cal line indicates theEF .
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REGO, ROCHA, RODRIGUES, AND UGARTE PHYSICAL REVIEW B67, 045412 ~2003!
We might consider that the elongation process will
crease the interplanar distance in the 2/2 structure and b
atoms A2 and A4 together until they reach first neighbo
distances. Nonetheless, the orientation of the stackin
changed to the@100# direction. As happened for the 73223
structure of Sec. V B, the conductance calculated for
case shows a slight decrease compared to the perfect s
ture ~from 2G0 to 1.5G0).

In light of the discussion above, we can model the atom
rearrangements in this direction by removing lines of atom
starting at the 4/3 structure, which has a conducta
G(EF).4.5G0, down to the 2/2, which can be associate
aided by the calculations, with the peak at 2.8G0 in Fig. 2~d!.
Finally, the peak at 2.0G0 is related to either the 1/1 or 2/
structure.

VI. EFFECT OF CARBON IMPURITIES

The statistical correlation between the occurrence of c
ductance curve profiles and the multiplicity of zone axis h
been hitherto described as a property of the Au nanowire12

However, the accordance is only observed during the
hours of measurement after the macroscopic wire was f
tured inside the MCBJ, while the gold surfaces are free
impurities; pass this initial period, contamination occu
even in UHV conditions. That is then evidenced by the a
pearance of conductance plateaus at values ranging app
mately from 0.1G0 to 0.2G0 and whose occurrence increas
with time.12 Similar observations have been reported
NW’s seen using UHV scanning tunneling microscopy.31 The
global histogram and typical experimental conductan
curves illustrating this effect are shown in Fig. 10. Likewis
another indication that the MCBJ might be contaminated
the fact that the 1G0 plateaus become exceedingly stable a
long, suggesting the formation of entire nanowires made
impurity atoms. One of the most probable contaminants
carbon.Ab initio calculations32 have shown that the carbo
atom naturally occupies a position between two gold ato
in ATC’s. Since the presence of carbon cannot be detecte
HRTEM images because of its low atomic number,33 the
effect characterized by plateaus at 0.1G0–0.2G0 ~Fig. 10! is

FIG. 10. Conductance histogram of a set of 500 curves m
sured using the UHV-MCBJ after several hours of experiment. T
arrow shows the appearance of a peak between 0.1G0 and 0.2G0

which is not present in the first hours of the experiment. Ins
typical conductance curves; note the existence of plateaus aG
;0.2G0.
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therefore the only experimental evidence of its presence
We have used the formalism of Sec. III to address t

question. For this purpose, consider the following go
ATC’s in the @100# direction: a chain of two suspended go
atoms between two@100# tips ~Au-Au-Au-Au, four Au atoms
forming the narrowest region!, as well as the contaminate
Au-C-Au-Au chain. The assumed distance separating C
Au atoms is 1.8 Å,32 whereas the Au-Au distance is taken
be 2.88 Å. Calculations of the conductance produced for
two cases are illustrated in Fig. 11. It can be verified that
presence of C atoms in the chain is responsible for decr
ing the conductance of the nanocontact considerably fr
1G0 to ;0.1G0, in very good agreement with the exper
mental results and, moreover, corroborating the assump
that carbon can act as a contaminant of Au NW’s after a f
hours of measurement.

VII. CONCLUSIONS

In summary, we have studied experimentally and theor
cally the elongation of gold NW’s, from both the structur
evolution and the quantum conductance behavior. From
experimental point of view, we have used two independ
setups: an UHV-MCBJ operating at room temperature
conductance measurements and HRTEM for real-time im
ing of the NW atomic rearrangements.

Gold NW’s adopt only three kinds of atomic structur
where the elongation direction is parallel to one of the@100#,
@111#, and @110# axes. For each one of these NW types,
have derived the three-dimensional structures during dif
ent stages of the elongation process, by combining HRT
images and the Wulff method. Subsequently conducta
calculations, based on the extended Hu¨ckel theory and the
Landauer formalism, were applied to the deduced ato
structures, showing an excellent accordance with the cond
tance measurements. This approach has provided a cons
correlation between the structural evolution of the thr
kinds of Au NW’s and the conductance behavior in t
0 –3G0 conductance range.

The EHT, although rather simple, allows us to take in
account the atomic arrangement of the nanocontacts

a-
e

t:

FIG. 11. Theoretical results for the conductance of ATC’s a
function of the energy. The solid line corresponds to a pure g
ATC ~interatomic distance 2.88 Å!. The dashed line shows the e
fect of carbon impurities in the ATC, as depicted in the figure. T
Au-C interatomic distance is fixed at 1.8 Å, obtained fromab initio
calculations~Ref. 32!.
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ROLE OF STRUCTURAL EVOLUTION IN THE QUANTUM . . . PHYSICAL REVIEW B67, 045412 ~2003!
also, it includes the possibility of considering atoms of d
ferent species. As an example of its versatility, we have c
sidered carbon impurities on suspended atom chains; th
sults indicate that they act as a contaminant causing
conductance plateaus to decrease from 1G0 to 0.1G0. This
result agrees extremely well with our conductance data
contaminated Au NW’s and, also, those from Olesenet al.31

We have, therefore, thoroughly analyzed the relations
between the structural modifications involved in the elon
tion of Au nanowires and their transport behavior. The m
conclusion that must be drawn from this work is the det
minant role of an atomistic description when analyzing
conductance properties of nanoscopic metallic wires.
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APPENDIX

This appendix presents the details of the theory, circu
vented in Sec. III. When projected onto the basis sta
^j8n8u the equationHuC&5EuC& yields the following set of
coupled equations for the set of coefficien
$r ab ,ta,b ,Cf,a%:

(
n,0

(
a

r abe2 inuaAn8n
j8a

1(
f

CfbAn80
j8f

1 (
n.0

(
a

tabeinuaAn8n
j8a

52 (
n,0

einubAn8n
j8b ~A1!

with

An8n
j8j

5^j8n8uH2Eujn& ~A2!

5Hn8n
j8j

2ESn8n
j8j . ~A3!

The termHn8n
j8j renders the MO energies of a given unit c

wheneverj85j andn85n. It also accounts for the hoppin
energies between the nanocontact and the first unit cell o

leads, on both sides, that is,^f8n8uHuan&5W061
f8a . The

same idea applies to the overlap termsSn8n
j8j . Within the leads
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