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Quantum conductance in silver nanowires: Correlation between atomic structure
and transport properties
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We have analyzed the atomic arrangements and quantum conductance of silver nanowires generated by
mechanical elongation. The surface properties of Ag induce unexpected structural properties, such as, for
example, predominance of high aspect-ratio rodlike wires. The structural behavior was used to understand the
Ag quantum conductance data and the proposed correlation was confirmed by means of theoretical calcula-
tions. These results emphasize that the conductance of metal point contacts is determined by the preferred
atomic structures, and that atomistic descriptions are essential to interpret the quantum transport behavior of
metal nanostructures.

DOI: 10.1103/PhysRevB.65.153402 PACS number~s!: 68.65.2k, 68.37.Lp, 73.50.2h
au
et
is

el

W
ns
s.
e-
io
du

on

to
b

u
-

F

o

e
ct

ed

an
e

t

ss

in

tal
uc-
fer
cal
the

ion
s.

i,
tal
e

en
s-

de

rd-
i-

fi-

ar
ted
ch
c-

red
ani-

nd
nics

nd a
s-

-
orm
The physical interpretation of the presence of flat plate
and abrupt jumps on the electrical conductance of m
nanowires1 ~NW’s! has been controversial, because its d
crete nature has been either attributed to electron chann2,3

or to structural rearrangements.4 Since the beginning of this
research field, the basic experiment for studying the N
conductance has been based on the elongation of junctio
point contacts,5 while measuring their electrical propertie
In fact, it has been extremely difficult to discriminate b
tween structural and electronic effects in a NW elongat
experiment, because both are simultaneously modified
ing the measurement.6

Recently, the application of time-resolved high-resoluti
transmission electron microscopy~HRTEM! in the study of
gold NW’s has revealed the existence of suspended a
chains ~ATC’s!, whose conductance was measured to
equal to the universal quantum,G052e2/h ~wheree is the
electron charge andh is Planck’s constant!.7 Subsequently, a
broader correlation between atomic structure and cond
tance has been derived for Au NW’s,8 where a simple exten
sion of the Wulff construction9 was used to predict the NW
morphologies based on the crystallographic directions.
example, it is well known that the Au compact~111! facets
are preferred and, then, nanosystems evolve to exp
mainly these low-energy facets.9

Although significant progress has been made to und
stand NW properties, most of the reported studies are a
ally based on gold~see the recent review in Ref. 1!. More-
over, the majority of the available evidence is deriv
indirectly on the basis of average statistical behaviors.3,8 To
get a deeper and more general insight it is necessary to
lyze still other model systems, such as, for example, differ
monovalent metals~to easily describe the conductance! and,
if possible, with different surface properties~in order to in-
duce different NW structures!. Silver represents an excellen
case in point, because it is a face-centered-cubic~fcc! metal
with a lattice parameter similar to that of gold. Nonethele
the silver minimal-energy facets are~100! oriented.10 It must
be emphasized that the higher reactivity of silver has h
dered detailed studies of quantum conductance~QC! in such
systems.11
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In this work, we have used two independent experimen
methods to analyze silver NW structures and their cond
tances, finding that the observed Ag NW properties dif
strongly from the previously studied systems. Theoreti
predictions have been used to consistently correlate
structural and QC behavior. The results provide informat
to understand the conductance properties of nanosystem

We have generated the silver NW’sin situ in a HRTEM
using the procedure reported by Kondo and Takayanag12

who were able to produce NW’s by making holes in a me
self-supported thin film. The silver film was polycrystallin
~5 nm thick; average grain size 50–100 nm!; a detailed de-
scription of this experimental procedure was giv
previously.8,13The HRTEM observations were performed u
ing a JEM 3010 URP with a 0.17 nm point resolution~Labo-
ratorio de Microscopia Eletronica/Laboratorio Nacional
Luz Sı́ncrotron, Campinas, Brazil!. All imaging work was
acquired close to the Scherzer defocus,14 and the presented
images were generated by the digitalization of video reco
ings ~30 frames/s! acquired using a high-sensitivity telev
sion camera~Gatan 622SC!. This kind of in situ HRTEM
NW study has been previously performed with high ef
ciency on gold and platinum.7,8,12,13,15–18However, silver
NW’s have been much more difficult to image with simil
quality. First, due to the lower atomic number the genera
contrast is much weaker; second, Ag NW’s display a mu
faster evolution, rendering difficult the real time image a
quisition.

The electrical conductance of silver NW’s was measu
with an independent and dedicated instrument: a mech
cally controllable break junction19 operating in
ultra-high-vacuum20 ~UHV! (,1028 Pa). In this method, a
silver wire (f575 mm, 99.99% pure! is brokenin situ in
UHV and NW’s are generated by putting into contact a
subsequently retracting these clean surfaces. The electro
is basically composed of a home-made voltage source a
current-voltage converter coupled to an eight-bit digital o
cilloscope~Tektronic TDS540C!. The acquisition system in
put impedance and time response were optimized to perf
conductance measurements in the@0–4# G0 range with a
relative error ofDG/G;1024.
©2002 The American Physical Society02-1
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The time-resolved HRTEM observations of silver NW
have revealed some striking and unexpected structural
haviors, which contrast strongly with the results reported
gold.7,8,12,13,17In particular, high aspect-ratio rodlike NW’
along the@110# direction ~hereafter noted as@110# NW! are
the most frequently observed morphology. As an example
Fig. 1, we show a series of snapshots of a comp
elongation/thinning process of a pillar-shaped NW. Initial
the rod is formed by five~200! atomic planes@thickness
;0.8 nm, Fig. 1~a!#, losing sequentially one atomic plane
a time to attain a three-layer thickness@;0.4 nm, Fig. 1~c!#.
Subsequently in Fig. 1~d!, the right side of the wire become
thicker, while the left side maintains the same wid
(;0.4 nm) as in Fig. 1~c!. However, this left sector shows
quite different contrast pattern; the HRTEM image sho
darker dots for the external planes~tubelike!, whereas the
central layer contrast is much weaker. Finally, before bre
ing, the minimal observed size for this morphology consi
of two ~200! atomic planes@;0.2 nm wide, Fig. 1~e!#. All
the lattice fringes and angular relations observed in the H
TEM images of Ag NW’s can be fully described by means
the bulk silver fcc structure. It is important to note that NW
showing the tubelike contrast pattern are frequently obser
in the experiments and the underlying atomic structure se
to be particularly stable because they can attain aspect r
.10 @see example in Fig. 1~g!#. In addition, the final length
of these tubelike NW’s is not determined by the initial siz
as evidenced in Figs. 1~a!–1~f!. In fact, in many cases, we
have observed that when the wire attains this peculiar st
ture ~or contrast pattern!, the apexes’ retraction causes t
NW to elongate by a factor;1.5–3 without thinning. This
lengthening reflects the enhanced strength of this ato
configuration.

As for the existence of silver suspended atom chains,
results confirm that they do occur, nevertheless they
much less frequently observed than in our previous studie
gold and platinum NW’s.8,13,17,18In fact, they are only seen

FIG. 1. ~a!–~f! Atomic resolution micrographs showing th
elongation and thinning of a rodlike silver nanowire~see text for
explanations!; ~g! HRTEM image of a high aspect-ratio pillarlik
NW ~width ;0.4 nm and length;5 nm); ~h! HRTEM micro-
graph of silver suspended atom chain. Atomic positions app
dark.
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when one of the junction apexes is oriented along a@100#
direction. These ATC’s are two-to-four–atoms long with
bond length in the 0.33–0.36 nm range. Both the lengths
bond distances are similar to previous reports on Au and
ATC’s.7,8,17,18,21However an important difference has be
revealed by the dynamic HRTEM recordings, which ha
pointed out that silver@111# NW’s display a fast and abrup
rupture preventing the formation of ATC’s~within our time
resolution!.

In order to deduce the three-dimensional atomic arran
ment of the nanowire from the HRTEM images~basically a
bidimensional projection!, the geometrical Wulff
construction9 can be used. This approach yields the crys
shape by predicting the relative size of the lower-energy f
ets of the crystal. Recently, it has been successfully app
to describe and model gold nanojunctions.8 Figure 2 shows
the application of the Wulff method to model the morpho
ogy of silver rodlike NW’s. It is instructive to look first at the
expected morphology of a silver nanoparticle, a trunca
cuboctahedron with regular triangular~111! facets, where the
relevance of~100! facets can be easily identified@see Fig.
2~a!#.22 The cross section of a@110# silver NW can be de-
rived by looking at this cuboctahedron along the@110# axis.
Figures 2~b! and 2~c! show the suggested cross sections
the rodlike NW’s seen in Figs. 1~a! and 1~c!, which are
formed by five and three~200! atomic planes, respectively
These rods are generated by the alternate stacking of
different planes containing 11 and 8 atoms@marked 11/8#,
and displayed with different colors in Fig. 2~b! for the
thicker NW and 4/3 atoms for the thinner one@Fig. 2~c!#.
When these rods are observed along a@110# axis ~as in the
experiment!, we observe the bidimensional projection ind
cated as side views in Fig. 2. In a first approximation, at
Scherzer defocus14 and for such a thin object, the expecte
contrast at each atomic column position should be prop
tional to the projected atomic potential or, in other words,
number of atoms along the observation direction. In F
1~d!, the NW contrast is tubelike, with the external plan
much darker than the central one. Thus, in light of the p
ceding argument, the central atomic columns should con

ar

FIG. 2. ~a! Application of the Wulff construction~Ref. 9! to
determine the shape of silver nanoparticles.~b!–~f! Scheme of pos-
sible atomic arrangements for rodlike Ag NW’s; we show the N
cross sections and also, the side views@observed along the horizon
tal arrow in ~b!#.
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BRIEF REPORTS PHYSICAL REVIEW B 65 153402
less atoms than do the border ones. The only way to fu
these conditions, by thinning the 4/3 rod@Fig. 2~c!#, is to
build a 4/1 NW@see Fig. 2~d!#. Finally, the thinnest Ag@110#
NW, shown in Fig. 1~e!, consists of two atomic planes. Tw
atomic arrangements may yield the observed contrast: a
structure with a triangular cross section@Fig. 2~e!#, or two
parallel atom chains marked as 1/1 in Fig. 2~f!. The signal-
to-noise ratio in the image does not allow us to ident
which one is observed in Fig. 1~e!. Recently, Honget al.23

have reported the preparation of Ag@110# rodlike NW’s
within a porous matrix by means of wet chemical metho
However the generated structure~which can be described a
2/2, following our notation! has not been observed in the fre
standing Ag NW’s studied here.

The discussion presented above allows the deductio
the atomic structures for the NW morphology that have b
most frequently observed during the HRTEM studies. It
now tempting to correlate the preferred atomic arrangem
with the quantum conductance properties. Figure 3 sh
typical conductance curves of Ag NW’s~see inset!, and a
histogram of occurrence of each conductance value~global
histogram1! obtained from 500 conductance curves. This h
togram shows large peaks at 1G0 , ;2.4 G0, and;4 G0.
It also displays major differences when compared to sim
results reported for gold NW’s.1 In the first place, the 1G0
peak is not the dominant one,1,8 in accordance with the
HRTEM data that shows low occurrence of atom chai
Second, the absence of the 2G0 peak ~usually located at
;1.8 G0 in Au histograms1! evidences that the structure o
silver NW’s should be much different. In addition, the lar
peak at 2.4G0 displays an area approximately 2.5 tim
larger than the peak close to 1G0. This fact suggests that thi
conductance is associated with a more frequently occur
structure, which has to be identified as the rodlike@110#
NW’s observed in our HRTEM experiments. Because
minimal observed@110# Ag NW should consist of two
atomic layers@Fig. 2~e!#, it is tempting to associate the con
ductance peak at;2.4 G0 with this structure.

Finally, to consistently correlate the experimental resu
of the conductance and structural behaviors, we have
formed theoretical conductance calculations for the str
tures presented in Fig. 2. Based on the experimental da

FIG. 3. Global histogram of conductance from Ag NW’s. Th
main features are the peaks located at 1G0, 2.4G0, and 4G0. Inset:
Typical conductance curves; note the plateaus connected by a
jumps.
15340
ll

/1

.

of
n

s
ts
s

-

r

.

g

e

s
r-
-

, it

is clear that a proper theoretical description should take
account the atomic arrangement of the NW. For this purp
we have used an approach introduced by Emberly
Kirczenow24 that is based on the extended Hu¨ckel theory, the
latter being employed to obtain the molecular orbita
~MO’s! of the Ag NW’s.25 The MO calculations take into
account thes, p, andd orbitals of the Ag atoms in the NW, a
well as overlap and energy matrix elements extending
yond the first-neighbor atoms. The electronic transport w
described within the Landauer scattering formalism.1 A de-
scription of the procedure has been presented elsewhe26

Figure 4 shows theoretical calculations of the conducta
for the different NW morphologies observed in the HRTE
images. The experimental results are to be compared with
conductance at the Fermi energy (EF), which is indicated by
the vertical line in the figure. The conductance curve os
lations in Fig. 4 are sensitive to the atomic positions, the
fore an average of the conductance aroundEF yields a more
representative value ofG that takes into account the atom
vibrations during the measurement.

The calculations show that@100# Ag ATC’s ~interatomic
distance 0.29 nm! display the expected conductance close
the quantumG0 @Fig. 4~a!#.7,8 The 1/1 rod, composed of two
parallel atom chains, shows a conductance close to 1.8G0
@Fig. 4~b!#, however, the Ag global histogram~Fig. 3! does
not show a peak associated with this value and it must
concluded that this atomic arrangement does not occur in
experiments. As for the 2/1@110# NW the model predicts a
conductance atG(EF) ;2.5 G0 that is in remarkable
agreement with the main peak of the conductance histogr
These results show that the 2/1 structure is in fact the m
mal rodlike silver NW@Fig. 2~e!#. Finally, the conductance
calculation for the 4/1 rod with rectangular cross sect
yields G(EF) ;3.8 G0, which should be associated wit
the observed conductance peak at;4 G0. All the theoreti-
cal conductance values show excellent agreement with

upt

FIG. 4. Theoretical calculations of the quantum conductancG
as a function of the electron energy for different Ag NW morpho
gies:~a! two-atoms long ATC in the@100# direction; 1/1~b!, 2/1 ~c!,
and 4/1~d! rodlike structures along the@110# direction. The con-
ductance is plotted in units ofG0 and the vertical line indicates th
Fermi energy.
2-3
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experiments, confirming the proposed correlation betw
HRTEM images and the conductance histogram.

In summary, we have been able to reveal the prefer
structures of silver NW’s generated by mechanical elon
tion and determine the conductance for each kind of N
This correlation between structural and electronic proper
was confirmed by means of theoretical calculations. Th
results represent clear evidence of the need to determine
cisely the atomic arrangement of NW’s in order to analyze
r
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c
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detail their conductance behavior. Although the surface pr
erties of silver suggested that Ag NW’s should be quite d
ferent from gold ones, the 4/1 or 2/1 rodlike wire would ha
been rather difficult to predict. This fact emphasizes the i
portance of experiments allowing the direct determination
atomic arrangements in the field of nanosystems.

The authors are grateful to FAPESP, CNPq, and LNLS
financial support.
-

s.

ev.

inas,

d

nce

um
/

*Electronic address: ugarte@lnls.br
1J.M. van Ruitenbeek, inMetal Clusters at Surfaces, edited by

K.-H. Meiwes-Broer, Cluster Physics~Springer-Verlag, Berlin,
2000!.

2L. Olesen, E. Laegsgaard, I. Stensgaard, F. Besenbache
Schiøtz, P. Stoltze, K.W. Jacobsen, and J.K. Nørskov, Phys.
Lett. 72, 2251~1994!.

3J.M. Krans, J.M. van Ruitenbeek, V.V. Fisun, I.K. Yanson, a
L.J. de Jongh, Nature~London! 375, 767 ~1995!.

4J.M. Krans, C.J. Muller, N. van der Post, F.R. Postma, A.P. S
ton, T.N. Todorov, and J.M. van Ruitenbeek, Phys. Rev. Lett.74,
2146 ~1995!.

5U. Landman, W.D. Luedtke, N.A. Burnham, and R.J. Colton, S
ence248, 454 ~1990!.

6G. Rubio, N. Agrait, and S. Vieira, Phys. Rev. Lett.76, 2302
~1996!.

7H. Ohnishi, Y. Kondo, and K. Takayanagi, Nature~London! 395,
780 ~1998!.

8V. Rodrigues, T. Fuhrer, and D. Ugarte, Phys. Rev. Lett.85, 4124
~2000!.

9L.D. Marks, Rep. Prog. Phys.57, 603 ~1994!.
10S.M. Foiles, M.I. Baskes, and M.S. Daw, Phys. Rev. B33, 7983

~1986!.
11J.L. Costa-Kra¨mer, N. Garcia, P. Garcia-Mochales, M.I. Marque

and P.A. Serena, inNanowires, Vol. 340 of NATO Advanced
Studies Institute, Series E: Applied Science, edited by P.A. Ser-
ena and N. Garcı´a ~Kluwer, Amsterdam, 1997!.
, J.
ev.

d

t-

i-

,

12Y. Kondo and K. Takayanagi, Phys. Rev. Lett.79, 3455~1997!.
13V. Rodrigues and D. Ugarte, Eur. Phys. J. D16, 395 ~2001!.
14D.B. Williams and C.B. Carter,Transmission Electron Micros

copy ~Plenum, New York, 1996!, p. 465.
15Y. Takai, T. Kawasaki, Y. Kimura, T. Ikuta, and R. Shimizu, Phy

Rev. Lett.87, 106105~2001!.
16Y. Kondo and K. Takayanagi, Science289, 606 ~2000!.
17V. Rodrigues and D. Ugarte, Phys. Rev. B63, 073 405~2001!.
18V. Rodrigues and D. Ugarte~unpublished!.
19C.J. Muller, J.M. van Ruitenbeek, and L.J. de Jongh, Phys. R

Lett. 69, 140 ~1992!.
20V. Rodrigues, Master thesis, Universidade Estadual de Camp

1999; V. Rodrigues and D. Ugarte~unpublished!.
21A.I. Yanson G.R. Bollinger, H.E. van den Brom, N. Agrait, an

J.M. van Ruitenbeek, Nature~London! 395, 783 ~1998!.
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