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First-principles simulations of the stretching and final breaking of Al nanowires:
Mechanical properties and electrical conductance
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The evolution of the structure and conductance of an Al nanowire subject to a tensile stress has been studied
by first-principles total-energy simulations. Our calculations show the correlation between discontinuous
changes in the force~associated with changes in the bonding structure of the nanowire! and abrupt modifica-
tions of the conductance as the nanowire develops a thinner neck, in agreement with the experiments. We
reproduce the characteristic increase of the conductance in the last plateau, reaching a value close to the
conductance quantumG052e2/h before the breaking of the nanowire. A dimer defines the contact geometry
at these last stages, with three channels~one dominant! contributing to the conductance.

DOI: 10.1103/PhysRevB.68.085403 PACS number~s!: 73.63.2b, 62.25.1g, 73.63.Rt, 68.65.2k
llic

n
ta

th
an

o
fo
at

e
d

rti
th
ric
m

io
u
o

ed
nt
ik
m

rin
e-
th
he

ed
lly

ave
r

ds,
ffi-
re
ls
asily

st
ex
the

of
sis

c-
t is
-

is-

s
ap-

c
in-
h-
be-

ch
ion
I. INTRODUCTION

The electrical and mechanical properties of meta
nanowires have received a lot of attention.1 Although point
contacts have been studied for many years, it is only rece
that the gentle control of the distance between two me
using a scanning tunneling microscope~STM!2,3 or a me-
chanically controlled breaking junction~MCBJ!4 has allowed
the experimental characterization of atomic contacts and
observation of quantum effects in both the conductance
the forces.2 In a pioneering work, Scheeret al.5 have shown,
analyzing the superconducting properties of an atomic c
tact, how the transport properties of the system just be
the breaking point depend on a few channels that they rel
to the atomic orbitals of the contact.

The formation of necks and atomic contacts in stretch
metallic nanowires has been analyzed theoretically using
ferent approaches. Nanowire deformation can be studied
molecular dynamics simulations using either classical6,7 or
effective-medium theory potentials.8,9 First-principles calcu-
lations based on density functional theory10–13 ~DFT! pro-
vide a more accurate description of the mechanical prope
and the electronic structure needed for the calculation of
conductance, but the large computational demand rest
most of the applications to an analysis of the model geo
etries for the contact~e.g., monoatomic chains!. To our
knowledge, the most complete calculation of the deformat
of a metallic nanowire has been presented by Nakam
et al.,14 who analyzed, using DFT calculations, a Na nan
wire with 39 atoms. In this simulation, the wire is elongat
in steps of 0.2 or 0.4 Å until it reaches the breaking poi
The conductance is determined using the Landauer-Butt
formula, where the transmission matrix is calculated fro
the self-consistent electrostatic potential using scatte
techniques.15 This calculation showed how the nanowire d
formation was accompanied by a rearrangement of
atomic configuration, which introduces also jumps in t
forces and conductance of the system.

Addressing this complex problem with a fully converg
first-principles description would be still too computationa
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demanding. One possibility is to stick to accurate plane-w
~PW! DFT methods, carefully relaxing the conditions fo
convergence16 ~basis set cutoff,k-point sampling, etc.!. A
second alternative is to resort to local orbital DFT metho
especially those devised with the aim of computational e
ciency, which allow first-principles studies of much mo
complex systems. The formulation in terms of local orbita
has an added value, as the transport properties can be e
calculated from the resulting@tight-binding or linear combi-
nation of atomic orbitals~LCAO!# electronic Hamiltonian
using nonequilibrium Green’s function techniques.17 Thus,
efficient local-orbital DFT methods are probably the be
available tools for a first-principles analysis of compl
nanowires. In this work, we have studied the evolution of
structure and conductance of an Al nanowire as a function
the stretching by means of a fast local-orbital minimal ba
DFT local density approximation ~LDA ! technique
~FIREBALL96!.18,19This technique offers a very favorable a
curacy and efficiency balance if the atomiclike basis se
chosen carefully.20 This approach is complemented with PW
DFT-LDA calculations@using CASTEP ~Ref. 21!# performed
at the critical points of the nanowire deformation, as d
cussed below. Closely related approaches,22–26 based on the
combination ofab initio calculations on local-orbital basi
and Keldysh-Green function methods, have been recently
plied to characterize some ideal geometries~mainly, atomic
chains! for Al and Au nanowires.

II. MECHANICAL PROPERTIES: TOTAL ENERGY,
FORCES, AND STRUCTURE

We have studied the system shown in Fig. 1~a!, having 48
atoms—12 of them in the wire—embedded in an Al~111!
surface having a~333! periodicity. We also impose periodi
conditions in the direction perpendicular to the surface, jo
ing artificially the last two layers of the system. The stretc
ing of the system is simulated, increasing the distance
tween the two limiting layers by steps of 0.1 Å. After ea
step, the system is allowed to relax towards its configurat
©2003 The American Physical Society03-1
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FIG. 1. ~Color online! Ball-and-stick model of the structure of the Al nanowire for different steps of the stretching process~see Fig. 2!.
The atoms involved in the important bonding rearrangements related to discontinuous changes in total energy, force, and condu
labeled 1–5.
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of minimum energy; in this relaxation, only the atoms l
cated in the last two layers remain fixed, meaning that
atoms are allowed to relax. The convergence criteria for
relaxation are changes in the total energy per atom less
1025 eV and forces on the free atoms less than 0.05 eV
We have checked the validity of the calculation perform
with FIREBALL96, repeating similar calculations withCASTEP

~Ref. 27! at points of the deformation where rearrangem
of the atoms appeared~see the discussion below!. Figure 1
shows snapshots of the nanowire geometry along the stre
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ing path; different profiles correspond to the points labe
A–F in Fig. 2, where the total energy per atom is shown
a function of the stretching displacement. Figure 2 displa
the points where the nanowire suffers an important re
rangement in its geometry: these jumps occur between po
B and C, and between pointsD and E. Figure 1 shows the
initial geometry~a!, the geometries before and after the fir
~b!,~c! and second~d!, ~e! jumps, and the structure close t
the final breaking point~f!. It is important to notice that the
main rearrangement of atoms occurs in the layer formed
3-2
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atoms 1,2, and 3. In particular, along the pathAB, atom 3
starts to move out of the initial 1-2-3 layer; at the first jum
this atom takes an independent position linking a lower la
and the two atoms 1 and 2. Along the pathCD, the geometry
of the pointC does not change too much, atom 2 movi
slowly toward atom 3; eventually, at the second jump, atom
forms a dimer with atom 3, and the nanowire reaches a
ometry very similar to the one formed at the breaking po
In particular, along theEF path the system evolves, bas
cally, changing mostly the distance between atoms 2 an

We have checked these calculations, obtained usin
FIREBALL code, by recalculating geometries around t
jumps (BC and DE) using CASTEP: these calculations con
firm the validity of the FIREBALL results; we have found
however, some minor differences. For instance, inCASTEP

we find the system to present the first jump f
Dd50.9 Å—namely, a step before the jump found inFIRE-

BALL ; the system evolves, however, across the first jump
the same geometry calculated inFIREBALL.

Figure 3 shows the force along the nanowire stretchin3

Initially, the force is proportional to the displacement~elastic
behavior!; however, near the first jump, the force satura
and decreases a little due to the plastic deformation of
nanowire. Along the pathCD the force increases up to th
second jumpDE, and along the final deformationEF, the
force also increases except for some small fluctuations, u
reaching a maximum at the point where the wire breaks.
interesting to compare the forces shown in Fig. 3 with
one calculated at the break point for an Al crystal: this
defined by the maximum derivative of the energy per at
with respect to the nearest-neighbor distance for an Al c
tal, divided by the number of bonds each atom is assume
form ~six bonds per atom in a fcc structure!. Our calculations
yield 0.7 nN for the maximum force, and this quantity shou
be compared with the maximum forces in Fig. 3~the ones
found before the structural rearrangements!, which are larger
than that value: at the nanowire break point the force
around 1.0 nN, 1.4 times the bulk value.

FIG. 2. ~Color online! Total energy~per unit cell! of the Al
nanowire as a function of the stretching displacementDd.
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III. CONDUCTANCE AND EIGENCHANNELS

We have calculated the electrical conductance of
nanowire using a Keldysh-Green function approach based
the first-principles tight-binding Hamiltonian obtained fro
the FIREBALL code at each point of the deformation path.
this formalism, we rewrite this Hamiltonian describing th
system asĤ11Ĥ21T̂12, where the total system is split int
two parts 1 and 2,T̂12 defining the coupling between both
Typically, we use the thinnest part of the nanowire to defi
the interface between these two subsystems. Then, the d
ential conductance17 is given by

G5
dI

dV

5
4pe2

\
Tr@ T̂12r̂22~EF!D̂22

r ~EF!T̂21r̂11~EF!D̂11
a ~EF!#,

~1!

where r̂11 and r̂22 are the density matrices associated w
sides 1 and 2, respectively, while

D̂22
r 5@ 1̂2T̂21ĝ11

r ~EF!T̂12ĝ22
r ~EF!#21 ~2!

and D̂11
a is given by a similar equation;ĝ11

r and ĝ22
r are the

retarded Green function of the decoupled sides 2 and 1.
tice that the 333 Al~111! slab @with two-dimensional~2D!
periodicity# where the wire is embedded is enough to prov
the infinite number of channels needed to represent the e
trodes.

Using Eq. ~1!, we calculate the differential conductanc
along the stretching deformation~Fig. 4!. From this figure
we see how this conductance changes dramatically at po
B-C andD-E: in both cases the conductance jump coincid
with the force jump~Fig. 3! and is determined by the atomi
rearrangement the system suffers at those points. The
ductance behavior shows two other important features:~i!

FIG. 3. ~Color online! Normal force along the stretching path
The inset shows the force between nearest-neighbour~NN! atoms in
Al crystal defined as the derivative of the energy per atom w
respect to the NN distance during hydrostatic strain, divided by
bonds assumed in the fcc structure.
3-3
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the nanowire breaks at a point where the conductance is
close to the quantum unit,G'0.95(2e2/h); ~ii ! second, in
the last plateau, the conductance takes values a little sm
than the last one, increasing with the stretching displacem
up to the final value reached at the breaking point. These
features are in good agreement with the experime
evidence.1,28 Morever, at the breaking point the syste
shows a geometry slightly different to the one suggested
Ref. 5. In particular, we find that an Al dimer is responsib
for the conductance properties the nanowire shows befo
breaks.

Finally, we have also addressed the question of how m
different channels contribute to the conductance. This
also been analyzed using Eq.~1!; this equation can be rewrit
ten, using the cyclic property of the trace, in the form30

G5
dI

dV
5

2e2

h
Tr~ t̂ t̂1!, ~3!

where t̂52pr̂11
1/2D̂11

a T̂12r̂22
1/2. By diagonalizing this transfe

matrix, we find the channels contributing toG.
Figure 4 also shows how different channels contribute

the total differential conductance. Near the breaking po
we find that only three channels yield appreciable contri
tions to the total current, although there appears a predo
nant mode, very much in agreement with the results p
lished by Scheeret al.5 Along the trajectoryCD, before the
last jump, the system also presents three predominant c
nels, but in this case, all the three yield important contrib
tions to the current; notice that in this case the total cond
tance is around 2(2e2/h), with a channel contributing
practically (2e2/h), and two other channels, each one co
tributing 1

2 (2e2/h). In the initial path, A, B in Fig. 1, we find
six channels contributing with a total conductance of arou
3(2e2/h). From this analysis we conclude that the chann
are not either open or closed; their particular contribut
depends very much on the geometry of the nanowire con
We can only say that channels tend to close along the n

FIG. 4. ~Color online! Total differential conductance~in units of
the conductance quantum! and channel contribution along th
stretching path.
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wire deformation and that once a channel is closed by
stretching deformation it remains closed all the time.

IV. DISCUSSION

All the previousab initio calculations for nanowires~with
the exception of the work by Nakamuraet al.14 for Na
nanowires! have assumed model geometries~in particular,
for Al, short atomic chains and single-atom contacts! and
focused on the calculation of their electronic and transp
properties.

At variance with this approach, the whole point of o
work is to avoid any educated guess about the geometr
the final stages of the contact: we have performed a leng
simulation ~our calculation represents the largest system
significantly larger in terms of the number of electrons
analyzed up to this moment using DFT techniques! of the
whole breaking process in order to identify the structure
the nanocontact during the last stages of the deforma
process. This is motivated by what the previous literature
Al nanocontacts tells us: depending on the assumed i
geometry, even for a single-atom contact, one can have q
different values of the conductance: one quantum of c
ductance for the single-atom contact between two py
mids,5,28,29 two conductance quantums for an atom san
wiched between two flat surfaces,10,11 and an intermediate
value for a three-atom chain linked to jellium electrod
~with conductance variations depending on whether th
is a triangular atomic basis to make the link or not!.12,13

Although these structures may be stable, no one has sh
up to now, that they are likely to appear during stretching
a real contact.

Thus, we are still at the stage where understanding of
basic processes determining the transport properties an
particular, their correlation with structural transformations
the nanocontact is the basic goal. Unfortunately, approxim
total-energy methods—based on fits to bulk properties—
not reliable enough for this task and one has to resor
time-consuming first-principles DFT calculations. This pr
cludes a full statistical calculation of the conductance pr
erties, but notice that the experiments we are addressing
performed at very low temperatures~few K!,5,28 where a
total-energy calculation would provide a fair representat
of the stable structures.

Following this approach, we have let the nanowire evo
during the stretching process and have calculated the co
sponding transport properties. The combination of our lo
orbital basis formulation of DFT and the Keldish nonequili
rium formalism allows a direct determination of the transp
properties from the electronic Hamiltonian for each step
the breaking process, without the further approximatio
needed to extract transport properties fromab initio ap-
proaches based on the plane-wave basis~see, for example,
Ref. 14!.

It is the interplay between the stable geometric structu
and the associated electronic properties that determines
calculated conductance properties. Thus, one has to be
careful when comparing our results with previous model c
3-4
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culations. Notice that atomic arrangements such asC andD
in our calculation differ from the ideal single-atom conta
assumed by many authors. For example, in Ref. 29 the
tral atom is linked to two three-atom fcc planes rotated w
respect to each other in a particularly symmetric arrangem
@two perfect ~111!-oriented fcc pyramids# with inversion
symmetry, while in our calculations atom 3 is linked to thr
atoms in one side and two atoms~atoms 1 and 2; see Fig. 1!.
We cannot see any contradiction between the conducta
results given the different geometries considered.

Furthermore, the dimer geometry we have found for
nanocontact structure before the final breaking nicely rep
duces the presence of three conducting channels, one w
dominant contribution, giving the total conductance clo
to the quantum of conductance found in the experime
However, it differs significantly from all the assumed geo
etries discussed in the literature and, in particular, from
ideal single-atom contact. The fact that we also reprod
the characteristic increase of the conductance in the
plateau~not found in any previousab initio study! indicates
that the geometry found in our calculation is a fair repres
tation of the deformation appearing near the breaking of
nanocontact.

V. CONCLUSION

We have presented total-energy DFT and conducta
calculations for the stretching deformation of an Al nan
re
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wire. The use of a fast local-orbital code has allowed us
analyze in detail the nanowire geometrical configuratio
along the stretching path. At the same time, the fir
principles tight-binding Hamiltonian obtained at each geo
etry for the electronic system has allowed us to analyze a
in a direct and very efficient way, using Keldysh-Green fun
tion methods, the differential conductance of the system.
results reproduce most of the experimental evidence—in
ticular, the increase of the conductance in the last platea
and show that the deformation induces at particular po
sudden rearrangement of atoms that manifest itself in jum
of the forces and the conductance. We also find that in
final process of deformation, the nanowire does not form
single-atom contact but adopts a dimer geometry and bre
at a point having a differential conductance close to (2e2/h).
The total conductance in these last stages is the result o
contribution of three channels, one of them being the p
dominant one.
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