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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 eithgt@bk [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 exiaketthelory 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.
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[. INTRODUCTION quently, free electron methods were applied to estimate the

The electron transport through nanometric conductors attonductance of the metallic nedkr confining potential
tracts a huge interest due to constant shrinkage of microeleddore precise methods, considering the electronic structure,
tronic devices. In particular, metal nanowireNW’s) dis-  have also been applied to calculate the NW conductance, but
play interesting quantum conductance behavior even at roofior static atomic configurations.
temperaturé. From a practical point of view, NW’s can be Recently,in situ high-resolution transmission electron mi-
easily generated by putting in contact two metal surfacesgroscopy (HRTEM) experiments have provided a new in-
which are subsequently pulled apart. During the NW elongasight in the field. For example, Rodrigues al!? have
tion and just before rupture, the conductance displays flasthown that just before rupture, gold NW’s are crystalline and
plateaus and abrupt jumps, which for metals, such as Auree of defects and they assume only three kinds of atomic
take a value of approximately one conductance quanturarrangements: two of them form bipyramidal constrictions
Go=2€e?/h (wheree s the electron charge aridis Planck’s ~ which evolve to one-atom-thick contacts, while the other one
constank generates rodlike NW's that break when they are rather thick

In spite of the simplicity of the experimental procedure, a(three to four atoms By considering that Onishst al'® have
new structure with a different evolution is observed for eachalready shown that atom size contacts display a conductance
NW generation and all conductance curves have plateaus amd 1G,), it is possible to discriminate between the rodlike and
jumps, but they display disparate profifel order to over-  pyramidal NW morphologies. Further, the relationship be-
come this difficulty, a simple statistical method has been usutween each NW type and electrical transport measurements
ally applied to analyze the average behavior. Instead of conwas obtained by simple crystallographic arguments. Valida-
sidering the conductance as a function of the elongation, theon of the initial assumption was obtained by statistically
transport properties can be represented as a histogram oémparing the occurrence of observed curve profiles.
conductance occurrence, in such a way that a flat plateau Although these important developments mostly focused
generates a histogram peaRy linearly adding the histo- on the last conductance plateau, a quantitative understanding
grams associated with each conductance curve, a global hisf the correlation between atomic structure and conductance
togram is generated, which describes the general tendencidaring the nanowire stretching is still lacking. In this work,
of an ensemble of NW’s. The global histogram displays well-we have addressed the connection between gold NW struc-
defined peaks close to the integer multiples of the conducture and the quantized conductance behavior during the NW
tance quantum; this fact has been adopted as proof of thelongation. We have used HRTEM to obtain detailed infor-
tendency to conductance quantization in metal N¥V's. mation on the atomic structure evolution of gold NW’s dur-

The statistical method, discussed above, provides inforing stretching, and using crystallographic arguments, we pro-
mation on the average behavior but it hinders the study oposed the three-dimensional structure of these
NW transport properties. For example, it is not possible tonanostructures. The NW conductance was measured using an
get detailed information on how structural factors influenceindependent, dedicated experimental setup: a mechanically
the conductance evolution. For several years, the structueontrolled break junction operated in ultrahigh vacuum
evolution was derived from molecular dynamics simulations(UHV-MCBJ). In order to correlate both sets of data, we
where the high computer cost imposes the use of simplifiethave used a semiempirical atomistic theoretie@kRMALISM
potentials based on effective medium thedrf subse- based on the extended tkel theory* (EHT) which allows
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for the estimation of transport properties of systems with anovement, the fresh tips are put together and separated re-

large number of atoms. The results displayed excellent peatedly in order to generate and deform NW's. It's impor-

agreement between observed structural and conductance dgnt to remark that in this configuration the NW's are gener-

periments and theoretical calculations, enabling a completated from surfaces obtained in UHW(10™® Pa), so it is

modeling of the NW elongation process from both the strucexpected to have a clean sample for a few hdtiis care

tural and transport properties points of view. Wlth vacuum _Conditions is extremEIy important to ?ﬁenerate
The remainder of this work is organized as follows: Sec-eliable experimental measurements on NW propettiés.

tion Il describes the experimental techniques used to obtain Electrical measurements were done using a homemade

the structural and transport data, respectively; Sec. Il devoltage source and current-voltage converter powered with

scribes the theoretical model employed to calculate the eled®

; ; o as based on an eight-bit digital oscilloscofEektronic
tronic quantum transport through the metallic NW’s; the ex-V ! ;

- : TDS540C, 2 Gsample/s, bandwidth 500 MHthis elec-
perimental results are presented in Sec. 1V followed by Fronic system was developed with the aim of improving the

theoretical analysis of the data in both Sec. V, for NW'’s L o ;
. RS conductance measurement precision, yielding values with a
oriented along thd100], [111], and [110] directions, and relative error of AG/G)~10 *. The applied voltage was

Sec. VI for NW's oriented along thel00], [111], and[110] 159 my and the conductance was measured in the

directions as well as Sec. VI, where the presence of impuri[o 2.8/G, range to improve the detection of the last two
ties is investigated; finally, in Sec. VII we draw our conclu- qu’antumoconductance plateaus.

sions.
I1l. THEORY

Il. EXPERIMENTAL APPARATUS We follow the approach introduced by Emberly and
o Kirczenow?® which is based on the extended ¢kel theory,

We have generated NWia situin a HRTEM(JEM 3010 \yhjch is a method traditionally used in quantum chemistry to
URP, operated at 300 kV, point resolution 1.7 #sing the  calculate the electronic properties of clusters and
method developed by Takayanagi's grddp®The procedure moleculesi#?! One advantage of this approach lies in the
consists in focusing the microscope electron beamrent  possibility of treating the whole nanocontact—both tips and
density 120 A/crf) on the sample to perforate and grow the nanowire between them—as a unique entity, described by
neighboring holes until a nanometric bridge is formed be-molecular orbitals.
tween two of them. We have used a self-supported polycrys- The tips and nanowire, upon which we base our transport
talline gold thin film (5 nm thick, deposited on a holey car- calculations, are built on the basis of the crystallographic
bon grid in order to generate NW’'s between apexes ofproperties of the material as well as the obtained HRTEM
different orientations and elongate them in differentimages; no attempt was made to simulate the dynamics of
directions*? Atomic resolution image acquisition has beenthe NW formation. In our calculations the nanocontacts are
performed after reducing the electron beam intensity to itgnade up of as many as 150 gold atoms for some structures.
usual value (30 A/cA). A high-sensitivity TV camerdGa-  In order to calculate the quantum electronic states of Au
tan 622SC, 30 framed/sassociated with a conventional clusters as big as these, a semiempirical method is necessary
video recorder was used to register NW real-time evolutionto produce results within a reasonable time. For this reason
The procedure described above, allows us to generate Nwt§e EHT is employed; the method includes overlap terms and
with a remarkable stability, because the NW, its apexes, anfatrix elements that are not restricted to first neighbors;
the surrounding thin-film regions form a monolithic block. In moreover, all valence states-e56s, and €, in the case of
consequence, the NW’s formed by a few atomic layers usuAu—are considered. One drawback is the fact that, in its
ally show a long lifetime(1-10 min. Despite this stability, ~standard form, the EHT is a one-electron formalism that does
the generated NW's elongate spontaneously, get thinner, aritpt take into account explicitly electron-electron interaction
then break due to the relative slow movement of the NWeffects. However, we believe that this problem can be par-
apexes. These apex displacements are probably due to a fikhlly circumvented, because of the parametrization of the
deformation induced by thermal gradients between parts dgerbital wave functions by self-consistent Hartree-Fock states
the sample, as usually observed in TEM thin-film work. Aand the use of semiempirical energy parameters. Such effects
critical aspect when studying such tiny nanostructures is thare more relevant for the analysis of the structural stability
presence of contaminants, the most critical one in TEM beand relaxation of nanowires, where the calculation of energy
ing amorphous carbol. However, we must keep in mind manifolds is necessary. Nonetheless, tight-binding together
that the intense electron irradiation transforms carbon intgvith molecular dynamics methods, similar to the present
bucky-onions and finally cleans the gold surfage. one, have been successfully used to simulate the dynamics of

The electric transport properties of gold NW’s were stud-the nanowire formatiof?
ied using an independent instrument specially designed for Let us assume that a nanocontact is formed by two apexes
this purpose: namely, an UHV-MCB3.In this approach, a (or tips) and the nanowire itself that connects them. We start
macroscopic gold wiré99.99% pure$="75 um) is glued the description by defining the molecular Hamiltonian of the
in a flexible substrate in two points; then it is weakened in ahanocontactHyc, and its molecular orbitalétMO’s) |):
point between the two fixing parts by an incomplete cut. By NC
bending the substraia situ in the UHV, we break the wire _ o
and produce two clean gold surfaces; using the same bending %) 2;’ 2 Asuil Vi), @
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Left Lead Right Lead To account for the transport calculations consider Bloch
electrons that propagate through the leads:
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with |Bn) as one of the MO’s of the unit cell at position

),

%‘ @l g and|B) E{|a'>}. At the site of the nanocontact the incoming
@A () o Bloch wave is scattered, giving rise to reflected and transmit-
HO ted waves, according to the framework of the multichannel
O

(

Landauer formalism®> Therefore, for a rightward incoming

electron we write the following wave functio)=|¥ )
FIG. 1. Sketch of the model structure used in the calculationst | W )+ |V ), where

evidencing one unit cell of the incoming and outgoing leads and the

actual NW. . )
|W )= > e'"%| Bn)+ > raﬁe"““’«|an) ., (8
n<0 ael
€,=(¢|Hncl ). 2
In Eq. (1) the sum overw extends over thed, 6s, and & RIS C o5l $0), (9)
orbitals and the indek covers all Au atoms in the nanocon- ’ é

tact. The molecular orbitalp), written as a linear combi-
nation of atomic orbitals in Eq1), obey the orthonormality

— ing,
relation(¢'|¢)= 64/ 4. Equation(2) defines the MO ener- |\PR>_HZO ;E"R tage" | an). (19
gies, so that these MQO’s bear quantum phase coherence
along the entire nanocontact. The incoming electron has energy Bﬁ)zeé in order to be

To account for electron transport the nanocontact isa propagating state. In expressi®), |$0) represents the
coupled to infinite Au leads on both sidgeft (£) and right ~ $-MO’s of the nanocontact, which occupies the site 0,
(R) of the nanocontagt which behave as charge reservoirsandC,; are unknown coefficients. Similarly, in Eq®) and
(see Fig. 1L The leads are divided into unit cells whose (10), |an) is thea-MO of the unit cell at positiom; I and
MO’s are also obtained by the EHT method: t,z are the channel reflection and transmission coefficients,
to be determined in the sequence, which will be used to
. calculate the total transmissidr{E) and reflectiorR(E) of
|“>:§j: Bajls.i), 3 electrons propagating through the nanocontact. The param-
eterd is a dimensionless wave vector for the Bloch waves in
<a|HL(R)|C!>. 4) the leads. _ N
In order to determine the coefficienfs,z,t,5,Cs,} @
For the sake of simplicity only $Au orbitals are used in Eq. complete set of MO'§é}={¢}U{a} is put together, where
(3). The HamiltoniarH (%, includes overlap terms and is not we project the equatiod |W)=E|¥). As a result we obtain
restricted to first-neighbor matrix elements within the unita nonhomogeneous system of coupled equations that can be
cell. We consider this approximation because the contacts as®lved numerically to yield these coefficients. A detailed de-
expected to behave as bulk gold; hensearbitals are ad- scription is provided in the Appendix.
equate for describing its electronic properties. In the nano- Concluding the procedure, we define the total transmis-
constriction, where the number of atoms is smaller, we exsion and reflection coefficients, which are written in terms of
pect a different behavior. Althougke'|a)=46,,, it is  the incoming and outgoing coefficients and the electron ve-
noteworthy that the scalar product between both types olocity v, of the respective Bloch wave mode:
MO’s define the overlap term:

cell

LR =

N Ve 2
(al¢)=Suq- (5) To(E)= 2" ltagl” (11
Having defined the basic physical quantities, let us con- ;
sider the total Hamiltonian Ry(E)= Eﬁf i|raﬂ|2’ (12)

A=t et At Wit We. © where the prime means that the sum is made exclusively
The termW,. in Eqg. (6) is responsible for coupling the nano- over the propagating modes, thatbig,6,)=¢, .
contact with the first unit cell of the lead on its left awd; , Finally, the Landauer formuf&*is used to determine the
similarly, with respect to the first unit cell on the right. In charge transport through the nanocontact. For a degenerate
principle H . andH can be different from each other, as in metallic system in the linear response regime, the electro-
the case of tips with distinct crystallographic orientations orchemical potential difference between source and drain takes
defects. the limit Ax—0 and the conductandg=1/V becomes
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2e? -, in 2% o, Figures 3a)—3(d) show snapshots of the elongation process
G= Yy > f dE TB(E)&_:T > T4(Ep), of a NW along the[100] direction, where the progressive
P H p (13) thinning of the constriction can be followed with atomic
resolution. We can see from these images that the NW
where 7 is the Fermi-Dirac distribution anBg is the Fermi  stretches from a symmetrical bipyramidal NW with a two-
energy. Since the voltage applied across the leads is smaltom wide minimal sectiorfFig. 3(b)] to a constriction
compared tdEg, the conductance is to be considered whenformed by two misaligned truncated pyramids with a two-

the electron energy is close to this value. atom-wide top[Fig. 3(c)]. Finally, a one-atom-thick contact
is formed[Fig. 3(d)]; this contact subsequently evolves to
IV. EXPERIMENTAL RESULTS form a suspended chain of atortSTC) before rupturgnot

shown). Figure 3e) allows the clear visualization of the bi-
Figure 2a) shows the global histogram generated from apyramidal morphology of a one-atom-thick contact formed
series of 500 collected conductance curves of gold NW'§or [111] NW’s. In contrast,[110] NW’s generate rodlike
measured using the UHV-MCBJ. Three peaks can be identistructures before ruptuféig. 3f)].
fied in the histogram; as expected the major one is close to At this point, it is useful to recall some basic aspects of
1G, and the two minor ones are at Gg and 2.&,,. the reportedn situ HRTEM experiments. First, HRTEM im-
Rodrigueset al'* have demonstrated that analyzing the ages of NW's can be described as a two-dimensional projec-

occurrence of the last two conductance platgavsund 15,  tion of the atomic potential; then, good quality atomic reso-
and 25,), the conductance curves can be grouped in three

different classesta) only a plateau at G, (b) plateaus at
1Gy and 2G,, and, finally, (c) no plateau at G,. These
characteristics are associated with the crystallographic direc
tion along which the NW is being elongated, corresponding
to the [100], [111], and [110], respectively. As the global
histogram superposes and hides this structural information
we have built three histograms formed by each group of
conductance curvelgrigs. 2b)—2(d), examples of the con-
ductance curves are presented at the ifs@tsis approach €

a ,

allows us to obtain a statistical validation for the sequence 03 R , P
conductance plateaus appearing during the NW elongatlo; bR s ¢§“”'“'m
along each axis, extending the range fro@y2to 3G,. In ’ Fro g coulios %R . “"“--
these terms, it can be deduced that the thinning of a NW FR TN < i s o o)
along[100] axis (hereafter denotefll00] NW) generates a |

conductance curve with plateaus close ®;3and 1G, [see
curves, inset, Fig. @)]; a[111] NW, plateaus aroundGy, FIG. 3. Real-time HRTEM images showing typical nanowires
2G,, and 1G, and, finally, for[110] NW's, plateaus around formed in the direction of the three zone axé®~—(d) Elongation
3G, and 25, process of d100]-oriented NW; note the existence of two mis-

Figure 3 shows typical HRTEM micrographs of the threealigned planes just before the formation of the ATE. ATC ori-
possible Au NW structures; a common feature of all the ob-ented along thg111] direction and(f) rodlike structure formed
served NW's is the fact that they are defect-free crystalsalong the[110] direction.
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lution information is only obtained from crystals very well a) 941 ( [100] Tip ) b) 949

oriented in relation to the microscope electron beam. In our 4 u

experiments, we cannot easily control the orientation of the i i
9 41 949

apexes forming the nanometric constrictions, so the possibil-
ity of getting sequences as shown in Fig&)33(d) ([100] al
NW) is statistical and unpredictable. ’

Unfortunately, this kind of detailed information on the

atomic arrangement evolution could not be observed for the ©o1] @ 011]
other two types of NWg[111] and[110Q]). Another limiting c) 9449 ,
factor of our dynamical HRTEM observations is the temporal ¥ - XA @
sampling of our image acquisition system allowing the cap- @/O: @,‘b @ ©. I (I
ture of 30 frames per second; very rapid evertsl(30 s) ’@;'

may go by undetected. Ao 5 4 4 8
Despite these difficulties, HRTEM images provide a @[100]v'
wealth of remarkable information to derive the atomic struc-
tu_re of gold NW's f_rom. B.y comblnlmg.the atomic resolution FIG. 4. Atomic geometry of different Au nanocontacts oriented
micrographs(two-dimensional prOJect|9ns of the structure along the[100] direction. The notation indicates the number of
and the known surface energy properties of the analyzed sygsoms in the planes perpendicular to fti60] axis in the constric-
tems it is possible to deduce the three-dimensional atomigon region:(a) 941, (b) 949, and(c) 9449 tips. The dashed lines in

arrangement of NW’s. This procedure is based on the sog) indicate the edge of the fcc unit cell aag is the lattice param-
called Wulff construction that allows a quick geometrical eter,

determination of the faceting pattern of nanostructdres;

such an approach has already been successfully applied & atoms from the tip arrangement in Figa#t Hence, in
study Au(Ref. 12 Ag (Ref. 26, and Pt(Ref. 27 NW's. simple terms, we would expect that the second thinfiq]

In the following sections, we present a careful and thorconstriction would be formed by pyramids where the one-
ough analysis of the derived atomic arrangements and theltom tip is removed, leading to a minimum cross section of
evolution for the three kinds of Au NW's; the theoretically foyr atoms. By joining two pyramids sharing the four-atom

obtained electronic transport properties of such structures aigane we generate the 949 neck shown in Fitp) 4nd cor-
compared with the conductance behavior observed with thgasponding to the experimental results in Figp)3

UHV-MCBJ experiment. However, HRTEM data clearly show the existence of an
intermediate structur¢Fig. 3(c)] where the two truncated

V. DISCUSSION: CORRELATION BETWEEN ATOMIC pyramids forming the apexes are not aligned with respect to

STRUCTURE AND ELECTRONIC EFFECTS each other. Assuming that all the neck region is defect free

, (i.e., a perfect arrangement of atoms in a fcc lajtiaad
A. [100] gold NW's following the Wulff morphology we must conclude that the
The [100] nanocontacts are generated by two pyramidaNW is formed by two four-atom planes which are not not
tips, each of them faceted by four low-energyl) planes; aligned with each other; rather, the corner of one of these
they can be elongated until atomic chains are formed, havinglanes is located at the central axis of the other and vice
generally two to four atoms in lengffi.Figure 4 illustrates versa. This structure is presented in Figc)4and labeled
three nanocontact geometries based on the crystallograph®49.
structure of face-centered-cubidcc) bulk gold and the Using the formalism of Sec. Ill, we have calculated the
Wulff method. These structures simulate the steps of the NWjuantum conductance for the NW morphologies shown in
evolution in the experiments. Figurga} shows the cross Fig. 4 as a function of the electron energy. The results are
section([100] direction and side view[011] direction of an ~ shown in Fig. 5, where the vertical line indicates the value of
atomically sharg100] NW tip; the side view presented rep- the Fermi energy in the leads. At first, we notice that the
resents the structural arrangement as seen from HRTEM inBne-atom-thick contad941149, distance between the atoms
ages in Figs. @—3(d). This particular tip is formed by the is 2.88 A even at the contacthows a conductance curve that
stacking of a plane of nine atonfislack circles followed by  yields a very stable plateau &(Egr)=1G, which corre-
a plane of four atomgdark gray circles and, finally, one sponds to a peak arounds} in the histogramg$Fig. 2(b)].
atom at the end of the tiglight gray circle. The notation On the other hand, the 9449 nanocontact displays a conduc-
used hereafter to designate the structures is given by thance of G(Eg) ~3G, and the 949, 4G,,.
number of atoms that make up the alternate planes stacked In brief, the one-atom-thick941149 and ATC'’s conduc-
along the NW orientation axis. The one-atom-thick contactances(9411149, also calculated but not shown heaee
(941149 which is the structure observed just before rupture~1G, while the 9449 structure shows a conductance of
[an example is presented in Fig(ed is then formed by ~3G,. Each of these conductance values agrees very well
mirror imaging the tip arrangement described above. We cawith the peaks in the global conductance histogram for the
use this pyramidal tip arrangement to model the thicke100] zone axis[Fig. 2(b)]. In other words, we have ac-
NW's observed prior to the formation of the 941149 struc-counted for the peaks in the histogram, corroborating the
ture; i.e., we can build thicker structures by removing planesassumption that the sequence of atomic arrangements shown
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a) [111] Tip e) 732237
=]
U] © 1]
3 b) 731137 \"7 =~/
U] [} o o N
L@ \. % : o ® 111
. =0 ¢ Ne) °
-9 -8 e -® 7 31 137 \
energy (eV) @mn @ fit0] :
¢) 737 . o °
FIG. 5. Calculations of the quantum conductaf@g as a func- ® @ - ‘
tion of the electron energy for various NW structures oriented along| . “/\" ™ ® o ? 3
the [100] direction: 941149the one-atom-thick contagtthe 9449, @ /0N @ AP
and 949 nanocontacts. The vertical line indicates the Fermi energy] - 7 ® o
the conductance is in units of the quant@y 7 3 7
) @ [i10]
- . . o o
in Fig. 4 can, in fact, represent the dynamics of NW evolu- Q..
tion along the[100] direction. It is also worth noticing that [ ] C’) © o
the deduced structural evolution shows no contribution . e .
around Z5,, in agreement with the conductance histogram. 7 3.3 7
Finally, the 949 morphology presen® Er)~4.5G,, which ©rmo

would represent a thicker structure; however, our experi-

ments have not included conductance measurements in that FIG. 6. Atomic geometry of different Au nanocontacts oriented
range. along the[111] direction.(a) shows the arrangement of the tip. The
notation indicates the number of atoms in the planes perpendicular
) to the[111] axis in the constriction regior{b) 731137,(c) 737,(d)

B. [111] gold NW's 7337, and(e) 732237

For the case df111] NW's, we have no atomic resolution

HRTEM images that show the structural evolution during theresulting arrangement has a perfect fcc stacking as shown in
thinning process. However, we can model the structures Ussig. &d). Finally, molecular dynamics simulations using
ing the same procedure of Sec. V(Ref. 12; i.e., we can  classical potentiaf§ indicate the existence of a thinner re-
start with the one-atom-thick nanowires and make our wayion with two misaligned dimers. As a matter of fact, this
up towards thicker structures. Again, the tip morphology wasarrangement is formed by simply removing atoms from the
built from a fcc crystal. It is worth noting that the stacking of apexes of the 7337 NW. This structure, labeled 732237, is
planes in the[111] direction is made by three hexagonal presented in Fig.(®) for atoms in a perfect fcc arrangement.
planes placed at alternate intersite spagesially labeled In Fig. 7, we present the theoretical conductance calcula-
ABCABC. . .). Thederived[111] pyramidal morphology is  tions for each of the proposed structures|fit1] NW's. As
presented in Fig. @). This arrangement is obtained from the previously stated, the experimental results must be compared

smallest possible fcc gold nanoparticle, i.e., the cuboctahep the calculated conductance at the Fermi energy level, rep-
dral with regular hexagonal faces based on the Wulff

method"? 4 . L .

As was done in the previous section, the one-atom-thick
NW is formed by two aligned111] apexes oriented in op- I 137
posite directions. We can label this structure 731137 by fol- 3 TN
lowing the notation introduced earlier. This structure is de- I ——~—"""\{
picted in Fig. 6b). In analogy with the procedure adopted for & 7337
the [100] direction, we would initially expect that the re- S 2

moval of the last atom from the tip and then by joining the

732237 /1
remaining truncated pyramids we would have the arrange-
ment before the one-atom-thick NW is formed. This particu- ! \/
lar arrangement is sketched in Figcpand is named 737. »

. . . . 731137 ]
However, this arrangement is defective because it forms a o
twin at the neck. This twin should be unfavorable in the -3 12 -11 -10 -9 -8
sense that the NW’'s are free of defects in this size energy (V)
range'*?*?°In that case, we proposed a structure analogous FiG, 7. Calculations of the quantum conducta@es a func-
to the 9449100] NW which was presented in Sec. V A. This tjon of the electron energy for various proposed nanocontact struc-
new structure is formed by adjoining two truncatgdl]  tures oriented along tHe.11] direction: the 737, 7337, 732237, and
pyramids(73) rotated 180° with respect to each other. Thethe one-atom-thick731137 nanocontacts.
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resented by the vertical line in the figure. Although the 737
arrangemen{Fig. 6(c)] would be a possible configuration a) 4/3 i
displaying a conductance 6f2.8G,, we must bear in mind L
that it presents a twin defect. Hence we have neglected it in o
our analysis. The calculated conductance for the 7337 struc- O O :
ture, which presents a perfect fcc stacking, is belovig.as @ [110] ® [110]
shown in Fig. 7. Conductance measurements for this orien-
tation[Fig. 2(c)] show the existence of a peak close B2 b) 272 ~ A,
In this sense, the 732237 NW, results@{Eg)~1.9G, as
can be seen in Fig. 7. Finally, structure 731137 yieGls A " A,
—1G, [Fig. 7(d)]. A
One might be led to believe that the relaxation of the © o
thinnest region (..22...) of the732237 structure will o 11
rotate the two dimers to form a perfect tetrahedron in order
to maximize the number of neighbors. This deformation gen- 0 A ‘ﬁ\.’ﬂ.ﬁ.ﬁ‘.
erates a NW with two[111] apexes bounding §100]- ©0 00
oriented neck. This deformation decreases the conductance 6?1101 ® [10]
by a significant amount from 1&, to ~1.2G,, emphasizing d) 20
that nanowires are particularly sensitive to breaking symme-
tries and to defects in the neck region. A® @ A 00000
In other words, the 7337 morphology has a conduction ! ‘' 90000
close to 2.6, the 732237 NW shows the calculated con- ® [110] ® [110]
ductance valu&(Eg) ~1.9Gq, and at last, for the one-atom-
thick contact,G(Eg) ~1G,. Each of these structures can be
associated with one of the peaks of the global conductance FIG. 8. Cross sectiofileft) and side view(right) of the sche-
histogram of Fig. &) and to the evolution steps of nanow- matic representation of possible rodlik@10] NW’s at various
ires along this direction. stages of the thinning process. The atomic arrangements are labeled
from the number of atoms forming the alternate stacking planes
generating the rodsa) 4/3, (b) 2/2,(c) 1/1, and(d) 2/0. See the text
C. [110] gold NW's for a definition of the notation.

The HRTEM results show that compared to the other two
kinds of nanowires, th¢110] NW's are rather brittle; i.e., tially the same conductance patteB{Eg)~2G,. The last
they break when they are two to three atoms thick withouHRTEM image—uwithin the time resolution considered—for
forming atomic contacts. Figures(é—(d) show the pro- NW's formed along thd110] direction is the 2/2 structure,
posed structure of rodlikg110] NW's as they decrease in so it is not possible to resolve the final structure. However,
diameter, by losing atomic planésAgain, the notation used the conductance histogram of Fig(dp shows that the last
in naming these structures comes from the number of atomsiateau is approximately 1G8), indicating that at least one

contained in each plane forming the NWilack and gray of these structures must be present in UHV-MCBJ experi-
circles. However, in this case, due to their large aspect ratioments.

we show only the rodlike part and leave out the apexes. The
thickest NW[Fig. 8@)], labeled 4/3, is formed by two fami-

\ 4 4 A & & O
) ) ) { ( [ ]
) & v Y y . <

) € & ¢ O O O

)
a2 4

lies of low-energy(111) facets and two high-energid 00 °r

ones. By removing three lines of atoms from the previous o 4

structure we reduce it to the 2/2 NW. Finally we consider (\5 St

two possible scenarios: the 2/2 NW is subtracted from one of & 2|

the (111) planes(atomsA; andA,), giving rise to the alter- 1

nate two-atom chain, 1/1, shown in Figc8 the other pos- ! ! - -

sibility is the elimination of the central plane of ator(es- 8 o ' 8 o '

omsA, andA,), generating the parallel two-atom chain 2/0 N U N S R

[Fig. &(d)]. S A% /\/
The calculated conductance for each of fi&0] NW’s (GCE g ) R | .

presented in Fig. 8 is shown in Fig. 9. We can see that the 1/1 2/0

conductance curves presented show oscillations that arise o0 + 5 -

from interference effects inside the contacts. These oscilla- energy (V) energy (eV)

tions are sensitive to the atomic positions, so we must con-
sider an average around the valdg. The Ca|Cl_J|ated con- FIG. 9. Calculations of the quantum conductai@as a func-
ductance for the 4/3 structure, as presented in Figl, % tion of the electron energy for various rodlike NW's along 0]
G(Eg)>4.5G,. Meanwhile, for the 2/2 case it is close to direction:(a) 4/3, (b) 2/2, (c) 1/1, and(d) 2/0 structures. The verti-
2.8Gg. The last two NW structures 1/1 and 2/0 show esseneal line indicates thé& .
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FIG. 10. Conductance histogram of a set of 500 curves mea- FIG. 11. Theoretical results for the conductance of ATC's as a
sured using the UHV-MCBJ after several hours of experiment. Thdunction of the energy. The solid line corresponds to a pure gold
arrow shows the appearance of a peak betweeGdand 0.2, ATC (interatomic distance 2.88)AThe dashed line shows the ef-
which is not present in the first hours of the experiment. Insetfeéct of carbon impurities in the ATC, as depicted in the figure. The

typical conductance curves; note the existence of plateau3 at Au-C interatomic distance is fixed at 1.8 A, obtained frainitio
~0.2G,. calculations(Ref. 32.

We might consider that the elongation process will in-therefore the only experimental evidence of its presence.
crease the interplanar distance in the 2/2 structure and bring We have used the formalism of Sec. Ill to address this
atoms A, and A, together until they reach first neighbor question. For this purpose, consider the following gold
distances. Nonetheless, the orientation of the stacking i&TC's in the[100] direction: a chain of two suspended gold
changed to th¢100] direction. As happened for the 732237 atoms between twii00] tips (Au-Au-Au-Au, four Au atoms
structure of Sec. V B, the conductance calculated for thi§orming the narrowest regionas well as the contaminated
case shows a slight decrease compared to the perfect strudu-C-Au-Au chain. The assumed distance separating C and
ture (from 2G, to 1.5G,). Au atoms is 1.8 &2 whereas the Au-Au distance is taken to

In light of the discussion above, we can model the atomide 2.88 A. Calculations of the conductance produced for the
rearrangements in this direction by removing lines of atoms{wo cases are illustrated in Fig. 11. It can be verified that the
starting at the 4/3 structure, which has a conductanc@resence of C atoms in the chain is responsible for decreas-
G(Eg)>4.5G,, down to the 2/2, which can be associated,ing the conductance of the nanocontact considerably from
aided by the calculations, with the peak at@g8n Fig. 2d).  1Go to ~0.1G,, in very good agreement with the experi-

Finally, the peak at 2@, is related to either the 1/1 or 2/0 mental results and, moreover, corroborating the assumption
structure. that carbon can act as a contaminant of Au NW'’s after a few

hours of measurement.

VI. EFFECT OF CARBON IMPURITIES

L. . VII. CONCLUSIONS
The statistical correlation between the occurrence of con-

ductance curve profiles and the multiplicity of zone axis has In summary, we have studied experimentally and theoreti-
been hitherto described as a property of the Au nanovires. cally the elongation of gold NW’s, from both the structural
However, the accordance is only observed during the firsevolution and the quantum conductance behavior. From the
hours of measurement after the macroscopic wire was fraexperimental point of view, we have used two independent
tured inside the MCBJ, while the gold surfaces are free oketups: an UHV-MCBJ operating at room temperature for
impurities; pass this initial period, contamination occursconductance measurements and HRTEM for real-time imag-
even in UHV conditions. That is then evidenced by the ap-ing of the NW atomic rearrangements.

pearance of conductance plateaus at values ranging approxi- Gold NW'’s adopt only three kinds of atomic structures
mately from 0.5, to 0.2G, and whose occurrence increaseswhere the elongation direction is parallel to one of [the0],

with time? Similar observations have been reported for[111], and[110] axes. For each one of these NW types, we
NW'’s seen using UHV scanning tunneling microscébyhe  have derived the three-dimensional structures during differ-
global histogram and typical experimental conductanceent stages of the elongation process, by combining HRTEM
curves illustrating this effect are shown in Fig. 10. Likewise,images and the Wulff method. Subsequently conductance
another indication that the MCBJ might be contaminated iscalculations, based on the extendedckil theory and the
the fact that the G, plateaus become exceedingly stable and_andauer formalism, were applied to the deduced atomic
long, suggesting the formation of entire nanowires made o$tructures, showing an excellent accordance with the conduc-
impurity atoms. One of the most probable contaminants isgance measurements. This approach has provided a consistent
carbon.Ab initio calculationd? have shown that the carbon correlation between the structural evolution of the three
atom naturally occupies a position between two gold atom&inds of Au NW's and the conductance behavior in the
in ATC’s. Since the presence of carbon cannot be detected ly—3G, conductance range.

HRTEM images because of its low atomic numbethe The EHT, although rather simple, allows us to take into
effect characterized by plateaus at@®y+0.2G, (Fig. 10 is  account the atomic arrangement of the nanocontacts and,
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also, it includes the possibility of considering atoms of dif-we simplify the treatment by taking into account only the
ferent species. As an example of its versatility, we have coneoupling between MO’s of the same type, which yields
sidered carbon impurities on suspended atom chains; the réa’n’|H|an)=hé, .6,/ n+1 and (a'n’|an)
sults indicate that they act as a contaminant causing the S,6,,6,/ n+1, With handS, being the same for all MO'’s.
conductance plateaus to decrease froBy 1o 0.1G,. This  This is necessary for obtaining analytical expressions for the
result agrees extremely well with our conductance data oflispersion energies of the electrons in the leads, which al-
contaminated Au NW’s and, also, those from Oleseml®!  lows us to consider explicitly only the sites=—1,0,1 in
We have, therefore, thoroughly analyzed the relationshifEq. (Al1). Thus the energy dispersion relation is
between the structural modifications involved in the elonga-
tion of Au nanowires and their transport behavior. The main €,+2hcogd,)
conclusion that must be drawn from this work is the deter- E(0.)= 1+2S.co96.) (A4)
Socog 6,,)
minant role of an atomistic description when analyzing the
conductance properties of nanoscopic metallic wires. and the velocity of the electron modg,=dE,/dk,, with
k,=6,/a anda the length of the unit cell. The parameters
ACKNOWLEDGMENTS h=4 eV andS;=0.15 were chosen to yield a bandwidth of

approximately 8 eV, which is found in bulk Au.
The authors are grateful to FAPESP, CNPq, and LNLS for - Finally we obtain for the representative sites
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n'=-1:
APPENDIX B )
. . . . h—ESy)e' 20t (e5—E)e'fal 6% r
This appendix presents the details of the theory, circum- ; i %) (ea= )T} Tap
vented in Sec. lll. When projected onto the basis states

(€'n’| the equatiorH| W) =E| W) yields the following set of
coupled equations for the set of coefficients

{ra,B vta,ﬁ 1C¢,a}:

-3 W G-ES'HC,

=—{(h—ESy)e %+ (e;—E)e "%} 55, (A5)

r, e Mepnl 1> c ALY n'=0:
nZO g B n’n % B n’0
. ’ . ’ (/’,a_ "a -HQ _ ‘b,
4 2 2 taﬂem(}aAﬁfz:_ 2 em(}BAﬁ,ﬁ (Al) Zﬂ (W071 E%),]_)el raﬁ—i_% (64) E)5¢, C‘f’ﬁ
n>0 « n<o0
with > Lo i
+2 (W —ESy 1) "ty
AEE=(£'n'|H—E|¢n) (A2)
n'n ’ ’ s a
=— (W A-ES) A)e 655, (A6)
_é'e '€
=H{E-ES C. (A3)  i—q.
The termHﬁr,f1 renders the MO energies of a given unit cell _ _ ,
whenever¢’ = ¢ andn’ =n. It also accounts for the hopping > {(h—ESy)e?lat (eX—E)e'lal 52 tas
energies between the nanocontact and the first unit cell of the “«
leads, on both sides, that i§p'n’|H|an)=W¢.2 . The " '
. . e oo Ot +2 (Wi '~ ES}'(")Cyp=0. (A7)
same idea applies to the overlap telﬁﬁﬁ . Within the leads ®
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