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Abstract
The evolution of the structure and conductance of diﬀerent Al nanowires subject to a tensile stress has been studied
by ﬁrst-principles total-energy simulations combined with the non-equilibrium Keldysh Green’s function approach for
transport. Our calculations show the correlation between discontinuous changes in the total energy (associated to
changes in the bonding structure of the nanowire) and abrupt modiﬁcations of the conductance as the nanowire
develops a thinner neck, in agreement with the experiments. In spite of the quite diﬀerent initial conﬁgurations and
behaviour for some of the wires, in all the cases we obtain the same structure for the nanocontact during the last stages
of the deformation process. The dimer geometry we have found for the nanocontact structure before the ﬁnal breaking
nicely reproduces the characteristic increase of the conductance in the last plateau and the presence of three conducting
channels, one with a dominant contribution, giving the total conductance close to the quantum of conductance found in
the experiments.
 2004 Elsevier B.V. All rights reserved.
Keywords: Electrical transport (conductivity, resistivity, mobility, etc.); Surface stress; Metallic surfaces; Gold; Contact; Density
functional calculations

1. Introduction
Nanocontacts between metallic leads have recently received a lot of attention [1]. The development in this ﬁeld has mainly been stimulated by
the invention of two techniques, the scanning
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tunneling microscope (STM) [2] and the mechanically controllable break junction (MCBJ) [3], that
have allowed the gentle control of the distance
between two metals. This way of operating allowed the experimental characterization of the
atomic contacts and the observation of quantum
eﬀects in both their conductance and their forces
[4]. One of the most interesting results for those
nanocontacts has been the observation of several
jumps in the conductance as a function of the
nanocontact stretching; in particular, near the
contact break point, when the neck of the wire is
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deﬁned by one or two atoms, the conductance
jumps from a quantity that it is not far from the
2
conductance quantum 2eh to a zero value (tunneling region). It has been found that the value of this
ﬁrst jump in the conductance is quite close to this
quantum for metals like Au and Al [5], while its
value is a factor of two or three larger for transition metals, like Pd and Pt [6]. In a pioneering
work, Scheer et al. [7] have shown, analyzing the
superconducting properties of an atomic contact
near its break point, how the electrical conductance of the system depends on a few channels that
they relate theoretically to the orbitals associated
with the atom (or atoms) of the wire neck.
The formation of necks and atomic contacts in
stretched metallic nanowires has been analyzed
theoretically with diﬀerent approaches. Using
molecular dynamics simulations with classical
potentials, two groups showed in the early nineties
[8,9] how the stretching of nanowire produces
rearrangement of the atomic structure and the formation of a narrow neck. Other groups [10,11] have
also used molecular dynamics simulations with
eﬀective-medium theory potentials for analyzing the
same eﬀect. While this represents a more accurate
approach, it still lacks the accuracy and transferability provided by ab initio calculations based on
the density functional theory (DFT) for describing
the nanowire mechanical properties and the electronic structure needed for the calculation of the
conductance. However, the large computational
demand of this approach have restricted most of its
applications to the analysis of model geometries
where only a few atoms (3 or 4 typically) are allowed
to relax [12–15]. Up to our knowledge, the most
complete calculation of the mechanical properties
and the electrical conductance of a metallic nanowire has been presented by Nakamura et al. [16] who
analyzed, using a DFT-approach, a Na nanowire of
39 atoms. In this simulation the wire is elongated in
 until it reaches the break point.
steps of 0.2 or 0.4 A
The conductance is determined using the Landauer–
Buttiker formula, the corresponding transmission
matrix being calculated using scattering techniques
[17]. This calculation showed how the Na-nanowire
stretching was accompanied by a rearrangement of
the atomic conﬁguration, that introduces jumps in
the conductance and the forces of the system.

Our goal in this paper is to characterize the
mechanical and conductance properties of stretched Al nanowires. Addressing this complex
problem with a fully converged ﬁrst-principles
description would limit our calculations to a single
wire geometry (as in the Na wire calculation discussed above), while diﬀerent conﬁgurations are
needed in order the explore the generality of the
breaking process and the conductance behaviour
to compare with the experimental evidence. One
alternative is to stick to accurate plane wave DFT
methods, carefully relaxing the conditions for
convergence (basis set cutoﬀ, k-point sampling
etc.) [18]. A second alternative, which we follow in
this paper, is to resort to local-orbital DFT
methods, specially those derived with the aim of
computational eﬃciency like the local-orbital
minimal basis DFT code [19,20] we use, that allow
ﬁrst-principles studies of much more complex
systems. This approach has an added value, as the
transport properties of nanowires can be much
more easily calculated from the resulting electronic
hamiltonian (formally equivalent to a tight-binding or LCAO hamiltonian) using non-equilibrium
Green’s function techniques [21].
Closely related approaches [22–26], based on
the combination of ab initio calculations on localorbital basis and Keldysh–Green function methods, have been recently applied to characterize
some ideal geometries (mainly, atomic chains) for
Al and Au nanowires. At variance with these calculations, we have performed lengthy simulations
of the whole breaking process of diﬀerent Al
nanowires in order to identify the structure of the
nanocontact during the last stages of the deformation process. Our results show that all the different conﬁgurations lead to essentially the same
dimer structure (not the ideal single-atom contact
assumed by many authors) for the geometry of the
nanocontact before the ﬁnal breaking. In spite of
the diﬀerent initial values, the conductance
reaches, at these last stages, a value close to the
conductance quantum, with three channels (one
dominant) contributing, in agreement with the
experiment.
The rest of the paper is organized as follows: In
Section 2, we present the diﬀerent geometries for
the nanowires we are going to consider and discuss
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our way of analyzing it. After a brief comment on
the performance of the local-orbital DFT technique we use for obtaining the nanowire structure
along the stretching path, we discuss the Keldish–
Green function method for the calculation of the
electrical conductance and its connection with
other approaches like the Fisher–Lee equation
[27]. Our results for the evolution of the total energy, geometry and conductance for the diﬀerent
Al nanowires are presented in Section 3. We conclude in Section 4 with a discussion of the general
properties of Al nanocontacts that can be deduced
from our results and a comparison with the
experimental evidence.

2. Model and method of calculation
Fig. 1 shows the schematic representation of the
system we are interested in: a nanowire deﬁned by
several layers is located between two Al(1 1 1)
surfaces. The initial conﬁguration of the wire
corresponds to the fcc stacking of a number n of
(1 1 1) planes with typically three atoms per layer
and it is oriented in the (1 1 1) direction as the

Fig. 1. Schematic geometry for a nanowire located between two
Al(1 1 1) surfaces, acting as the electrodes. d is the distance
between the ﬁxed planes use to describe the stretching process.
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surface layers simulating the two electrodes. The
normal distance between the diﬀerent (1 1 1) planes
is taken equal to the Al bulk value. In this work,
we focus on nanowires with n ¼ 4, 5 and 8 layers.
We have used a supercell approach. In particular, we have considered a (3 · 3) periodicity in the
direction parallel to the surface, that is large enough in most cases to decouple the diﬀerent wires
in neighbouring cells from each other. However,
some of the calculations were aﬀected by ﬁnite-size
eﬀects (see below) and have been repeated with a
4 · 4 periodicity. We have also imposed periodic
boundary conditions in the direction perpendicular to the surface joining artiﬁcially the last two
layers (top and bottom) of the system. This implies
each electrode has eﬀectively four (1 1 1) layers.
The ideal initial conﬁguration for each of the
nanowires is thus relaxed to the ground state
keeping ﬁxed the last two layers (top and bottom
layers in Fig. 1) in order to simulate the bulk termination of the electrodes. These relaxed initial
conﬁgurations for the n ¼ 4, 5 and 8 nanowires
correspond to the geometries labeled A in Figs. 2,
4 and 6. Notice that in the n ¼ 8 case, the relaxed
structure departs signiﬁcantly from the initial ideal
conﬁguration, where a bend wire with a sort of
stacking fault in the middle of the wire has replaced the initial fcc stacking.
The stretching of the system is simulated
increasing the distance, d (see Fig. 1), between the
 (0.2 A
 in the
two limiting layers by steps of 0.1 A
calculations with the 4 · 4 periodicity). After each
step, the system is allowed to relax towards its
conﬁguration of minimum energy. In this relaxation, only the atoms located in the last two layers
remain ﬁxed. This means that, for example, for the
n ¼ 5 (n ¼ 8) nanowire with a 3 · 3 periodicity, 33
(42) atoms are allowed to relax. The most
demanding cases correspond to 4 · 4 periodicity
considered in some calculations, where 47 (58)
atoms are relaxed for the n ¼ 5 (n ¼ 8) nanowire.
The total energy minimization is performed in
this work using a fast local-orbital minimal basis
pseudopotential DFT technique (Fireball96) [19].
This code oﬀers a very favorable accuracy/eﬃciency balance if the atomic-like basis set is chosen
carefully. In the case of Al, the valence electrons
were described by s and p slightly excited
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pseudoatomic orbitals [20]. For a cutoﬀ radii
Rc ¼ 6:4 a.u. we obtained for fcc. Al a lattice
 and a bulk modulus of
parameter of a ¼ 3:97 A
 B ¼ 76
B ¼ 74 GPa (experiment: a ¼ 4:05 A,
GPa). The convergence criteria for the relaxation
are changes in the total energy per atom less than
105 eV and forces on the free atoms less than 0.05
 Our approach is complemented with PWeV/A.
DFT-LDA calculations (using the CASTEP code
[28]) performed at critical points of the nanowire
deformation, as discussed below.
We have calculated the electrical conductance
of the nanowire using a Keldish–Green function
approach based on the ﬁrst-principles tight-binding hamiltonian obtained from the Fireball96
code, at each point of the deformation path. In this
formalism, we rewrite the hamiltonian describing
b1 þ H
b 2 þ Tb12 , where the total systhe system as H
tem is splitted into two parts, 1 and 2, Tb12 deﬁning
the coupling between both (see Fig. 1). Typically,
we use the thinnest part of the nanowire to deﬁne
the interface between those two subsystems. Then,
the current across the interface is given by:
4pe2
hZ


I¼

1



1

h

i
b r ðxÞ Tb21 q
b a ðxÞ dx
^ 22 ðxÞ D
^11 ðxÞ D
Tr Tb12 q
22
11

 ðf1 ðxÞ  f2 ðxÞÞ

ð1Þ

^11 and q
^22 are the density of states matrices
where q
associated with the decoupled ( Tb12 ¼ 0) sides 1 and
2, respectively, while:
h
i1
r
r
br ¼ ^
D
1  Tb21 g^11
ðxÞ Tb12 g^22
ðxÞ
ð2Þ
22
and
h
i1
^  Tb12 g^a ðxÞ Tb21 g^a ðxÞ ;
br ¼ 1
D
11
22
11

ð3Þ

g^iir and g^iia are the retarded and advanced Green
function, respectively, of the decoupled sides, i. In
Eq. (1) fi ðxÞ is the Fermi distribution function
associated with side i. Notice that deﬁning the Tbijeff
matrices
eff
b r Tb21
Tb21
¼D
22

ð4Þ

and
eff
b a Tb12 ;
¼D
Tb12
11

ð5Þ

we can rewrite Eq. (1) as follows:
Z 1
i
4pe2 h b eff
eff
^22 ðxÞ Tb21
^11 ðxÞ :
Tr T 12 q
q
I¼
h
1

ð6Þ

This equation looks like the elementary lowest
order tunneling current between sides 1 and 2,
eff
created by the eﬀective tunneling coupling Tb12
. We
stress that Eq. (6) includes all the multiple scattering processes at the interface: in this sense, Eq.
(6) is exact and it can be applied to systems where
Tb12 is not small, as is the case discussed in this
paper.
In this paper, we only analyze the nanowire
dI
diﬀerential conductance, dV
that is given by:
dI
dV
i
4pe2 h b
b r ðEF Þ Tb21 q
b a ðEF Þ :
^22 ðEF Þ D
^11 ðEF Þ D
Tr T 12 q
¼
22
11
h

ð7Þ

G¼

For analyzing how many channels contribute to
the conductance, we have rewritten Eq. (7) as
follows:
G¼

dI
2e2 h þ i
¼
Tr ^t^t
dV
h

ð8Þ

eff
^22 and use of the cyclic
q
where ^t ¼ 2p^
q11 Tb12
property of the trace has been done. Eq. (8) makes
contact between our approach and Landauer’s
formalism [29]. Here ^t deﬁnes the transfer matrix
of the nanowire and we can analyze the contribution of the diﬀerent channels to the diﬀerential
conductance by diagonalizing it.
Before closing this section, it is convenient to
make also contact between our approach for calculating the diﬀerential conductance (Eq. (7)), and
the one used by other authors based on Fisher–
Lee’s equation that is deﬁned by splitting the sysb1 þ H
ba þ H
b 2 , with the coutem into three parts, H
b 1 , can
plings Tb1a and Tba2 (for example, in Fig. 1, H
b 2 electrode 2, and H
b a the
represent electrode 1, H
nanowire). Using this representation the diﬀerential conductance between electrodes 1 and 2 is given by [27]:
dI
4pe2 h b ð1Þ b r b ð2Þ b a i
¼
Tr R aa G aa R aa G aa
ð9Þ
dV
h
1=2

1=2
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where Graa and Gaaa are the retarded and the advanced Green’s function of the coupled system
(with Tb1a 6¼ 0 and Tba2 6¼ 0). In Eq. (9):
^11 Tb1a
R1aa ¼ Tba1 q

ð10Þ

and
^22 Tb2a
R2aa ¼ Tba2 q

17

processes; (b) in Fisher–Lee’s equation, Tb12 appears as an eﬀective coupling created by the elecb aa , across the interface.
tron propagation, G
However, in spite of these apparent diﬀerences,
one can prove that both equations (8) and (12), are
equivalent (see [30]).

ð11Þ

Introducing Eqs. (10) and (11) in (9), we can write
Eq. (9) as follows:
dI
4pe2 h b eff b eff i
^11 T 12 q
^22
¼
Tr T 21 q
ð12Þ
dV
h

3. Results

where

Figs. 2 and 3 show the geometry and the total
energy per unit cell of the nanowire as a function
of the stretching displacement, Dd, for the n ¼ 4
nanowire with a 3 · 3 periodicity. Figs. 4 and 5 (6
and 7) display similar results for the n ¼ 5 (n ¼ 8)
nanowires.
Notice that all the total energy plots for the
diﬀerent nanowires (Figs. 3, 5 and 7) display discontinuities associated with the points where the
nanowire suﬀers an important rearrangement in its

eff;r
b r Tba2
Tb12
¼ Tb1a G
aa

ð13Þ

and
eff;a
b a Tba1
Tb21
¼ Tb2a G
aa

ð14Þ

Eq. (12) is, formally, similar to Eq. (7). The difeff
ference is the following: (a) in our approach Tb12
is
deﬁned by the direct coupling between both sides,
renormalized by the interface multiple scattering

3.1. Total energy and structure for the diﬀerent
nanowires

Fig. 2. Ball-and-Stick model of the structure of the nanowire geometry (n ¼ 4) along the stretching process. Diﬀerent cases corresponds to the points A, B, C, D, E and F of Fig. 3.
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Fig. 3. Total energy (per unit cell) of the Al nanowire as a
function of the stretching displacement, Dd, for n ¼ 4.

Fig. 5. Total energy (per unit cell) of the Al nanowire as a
function of the stretching displacement, Dd, for n ¼ 5.

bonding geometry. Figs. 2, 4 and 6 show snapshots
of the nanowire geometry before and after the
energy jumps (e.g. points labeled B, C and D, E in
Fig. 5), together with the initial geometry (A) and
the structure close to the ﬁnal breaking point (F).

Although the results for the n ¼ 4 nanowire have
been published elsewhere [31], they are also presented here for the sake of comparison.
It is worth comparing Figs. 3 and 5, for n ¼ 4
and n ¼ 5 respectively. Notice the similarity be-

Fig. 4. Ball-and-Stick model of the structure of the nanowire geometry for n ¼ 5. Diﬀerent cases A, B, C, D, E and F, correspond to
the points of Fig. 5.
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3

Fig. 6. Ball-and-Stick model of the structure of the Al nanowire n ¼ 8 (see Fig. 7).
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Fig. 7. Total energy (per unit cell) of the Al nanowire as a
function of the stretching displacement, Dd, for n ¼ 8.

tween both cases, although for n ¼ 5 the stretching
displacement for reaching the ﬁrst and second
jumps are a little smaller than for the case n ¼ 4. In
both cases, the main rearrangement of atoms occurs in the layer formed by atoms 1, 2 and 3. For

n ¼ 5 (see Fig. 4), there is a strong rearrangement
of these atoms at the BC jump, while atom 2
moves out of this layer along the CD path. At the
DE jump, atom 1 moves upwards and the narrowest neck is deﬁned by the dimer 2–3, the
nanowire reaching a geometry very similar to the
one formed at the breaking point. Comparing
these geometries with the ones corresponding to
the n ¼ 4 case (Fig. 2), we also ﬁnd many similarities and a few diﬀerences. In particular, at the
BC jump, atom 3 in n ¼ 4 already takes an independent position between a layer of three atoms
and the two atoms 1–2. The case D of this ﬁgure is,
however, very similar to the case D of Fig. 4, with
atom 3 linking a dimer and a layer of three atoms.
After the point D, the n ¼ 4 case, evolves pretty
much like the n ¼ 5 case; in particular, we also ﬁnd
a dimer 2–3 which deﬁnes the neck of this nanowire just before the break point.
We have checked the calculations for n ¼ 4,
obtained with the Fireball96 code, by recalculating
geometries around the jumps (BC and DE) using
the more accurate (but more computationally
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demanding) CASTEP code. These calculations
conﬁrm the validity of the Fireball results; we have
found, however, minor diﬀerences. For instance in
CASTEP we ﬁnd the system to present the ﬁrst
 namely, a step before the
jump for Dd ¼ 0:9 A,
jump found by Fireball; the system evolves, however, across the ﬁrst jump to the same geometry
calculated with Fireball.
A closer inspection of the relaxed geometries for
n ¼ 5 reveals that some of our calculations may be
aﬀected by the ﬁnite size of our 3 · 3 simulation
unit cell. This can be understood looking at the
geometry E of Fig. 4, where atom 1 has ﬁnally
moved up to the same layer of atom 5. At this
conﬁguration, atom 1 suﬀers a small, but not
completely negligible, interaction with the atoms in
the nearest neighbour nanowire that we introduce
with the 3 · 3 periodicity. We have thus repeated
the calculation for the stretching process, starting
from the D geometry, using a 4 · 4 periodicity.
Although we have found some slight changes in the
total energy, they do not modify signiﬁcantly the
general comments presented above.
Next, we consider the nanowire of length n ¼ 8.
At variance, with the previous cases, there is only
one signiﬁcant jump in the total energy curve
along the stretching deformation (see Fig. 7). The
geometries displayed in Fig. 6 show that along the
AB path, the bend in the initial relaxed conﬁguration of the nanowire is gradually eliminated, up
to point B where the wire is completely straight
and the bonds between the diﬀerent (1 1 1) layers
start being stretched (path CD). The critical rearrangement of atoms takes place at the DE jump
(see Fig. 7) and involves the atoms around the
plane 1–2–3. Related displacements are already
taking place along the path ABCD, where atom 1
moves down and atom 2 moves up. At point D,
the system jumps to a diﬀerent bonding conﬁguration, such that at point E we ﬁnd the atom 1
around the plane of atoms located initially
underneath, and the atom 3 has moved up forming
the dimer 2–3 which now deﬁnes the nanowire
neck. Along the EF path, the system is deformed,
increasing basically the dimer length, 2–3, until
reaching the break point.
Comparing this case, n ¼ 8, with the shorter
nanowires, n ¼ 4 and n ¼ 5, we ﬁnd some striking

similarities: (i) the most interesting one is the
geometry appearing just before the breaking point.
For all the cases, n ¼ 4, 5 and 8, we ﬁnd a dimer
(2–3 in all the nanowires) at the neck. This dimer is
closely related to the conductance properties that
we discuss below. (ii) The second point to remark
is the position of the breaking layer for the different nanowires. In all cases we ﬁnd that breaking
layer (the 1–2–3 layer) is located next to the layer
of the lead–nanowire contact: one can speculate
that this is an eﬀect associated with local stress
induced by the junction between the lead and the
nanowire. (iii) We also mention that the evolution
of the nanowire geometry along the stretching
deformation is similar in all the cases, although for
n ¼ 8, the two jumps observed for n ¼ 4 and 5
appear combined in a single jump whereby the ﬁnal dimer geometry (case E of Fig. 6) develops.
3.2. Conductance along the stretching path
Let us now discuss the diﬀerential conductance
for the three cases studied, n ¼ 4, 5 and 8, as a
function of the stretching displacement. Figs. 8–10
display our results: in all the cases, we also show
the partial contribution of the diﬀerent channels to
the total conductance.
Fig. 8 corresponds to the case n ¼ 4: the conductance shows two jumps in agreement with the
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jumps we have found for the energy and the
geometry. The evolution of the diﬀerential con2
ductance, G, is the following: initially G  3ð2eh Þ
and it remains almost constant until close to B; the
2
jump B–C, leaves G around 1:6ð2eh Þ; in the jump
2
DE, the conductance decreases to  0:6ð2eh Þ and,
2e2
along the path EF, it increases to  0:98ð h Þ, almost the conductance quantum.
For n ¼ 5 (see Fig. 9) the initial value of the
2
conductance is again close to 3ð2eh Þ. Then, the
conductance slightly increases along the path AB.
The jump BC in the total energy gives a very

21

modest change in the conductance (although it is
clearly reﬂected in the contribution of the diﬀerent
eigenchannels). From C the conductance increases
2
up to a maximum value of 3:5ð2eh Þ at the point in
the CD path where a change in the curvature of
the total energy curve can be identiﬁed (see Fig. 5),
2
and then decreases to 2:5ð2eh Þ at D. In the second
jump, DE, a number of channels close and G de2
creases to 0:7ð2eh Þ. In the ﬁnal stage of the
stretching displacement, G increases slowly until
the break point, F, where the nanowire conduc2
tance takes a value close to ð2eh Þ.
The conductance behaves in a similar way for
the n ¼ 8 case (see Fig. 10). The initial value, close
2
to 1:8ð2eh Þ, diﬀers from the results for the other
nanowires and it is related more to the bend conﬁguration of the nanowire. Along the AB path, the
conductance increases up to a value close to
2
2:1ð2eh Þ at B, where it shows a small jump going to
C that we can associate to a small wiggle appearing in the curve of the nanowire energy (see Fig. 7).
This is reminiscent of the small BC jump we ﬁnd
for n ¼ 5. After that jump the conductance de2
creases slowly to a value around 2ð2eh Þ at D. After
the DE jump, the conductance increases until
reaching a value close to the conductance quan2
tum, 1:0ð2eh Þ.
Comparing these three cases we ﬁnd common
features in the evolution of the diﬀerential conductance as a function of the stretching deformation, although the initial values of the nanowire
2
2
conductance is 3:02ð2eh Þ (n ¼ 4), 2:98ð2eh Þ (n ¼ 5)
and 1.77 (n ¼ 8) diﬀer due to the diﬀerent initial
conﬁgurations. In all cases, there appear two
jumps between this initial point and the ﬁnal stage
of the nanowire. Finally at the breaking point, G
2
takes values close to ð2eh Þ but slightly diﬀerent in all
2
2e2
the cases: 0:98ð h Þ (n ¼ 4), 0:99ð2eh Þ (n ¼ 5) and
2e2
1:01ð h Þ (n ¼ 8). These are ﬂuctuations that have
been observed experimentally. We should also
comment that in the last stage of the evolution of
G we ﬁnd, in all the cases, an increase of the differential conductance with the stretching displacement, a result that is also in agreement with
the experimental evidence.
Figs. 8–10 also show how diﬀerent channels
contribute to the total diﬀerential conductance in
the nanowire. All the cases show a common
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The aim of this paper has been to analyze the
mechanical and electrical conductance properties
of diﬀerent Al nanowires located between two
Al(1 1 1) surfaces. Using an eﬃcient ﬁrst-principles
local-orbital DFT method we have shown ﬁrst,
how to look for the geometry of the stretched
nanowire as a function of the wire elongation up
to the breaking point and, second, how to analyze
its electrical conductance. This property has been
studied using Keldish–Green functions techniques
based on the analysis of the LCAO-hamiltonian
aﬀorded by our DFT calculations.
Our results show that, in spite of the quite different initial behaviour between some of the
nanowires considered, in all the cases we obtain
the same structure for the nanocontact during the
last stages of the deformation process. The dimer
geometry we have found for the nanocontact
structure before the ﬁnal breaking nicely reproduces the presence of three conducting channels,
one with a dominant contribution, giving the total
conductance close to the quantum of conductance
found in the experiments. However, it diﬀers signiﬁcantly from all the assumed geometries discussed in the literature, and, in particular, from the
ideal single atom contact. The fact that we also
reproduce the characteristic increase of the conductance in the last plateau (not found in any
previous ab initio study) indicates that the geometry found in our calculations is a fair represen-

-2737.5

4. Discussion and conclusions

tation of the deformation appearing near the
breaking of the nanocontact.
Our DFT calculations show that the nanowire
suﬀers important rearrangements of its bonding
conﬁguration as it deforms along the stretching
path and how these changes aﬀect its mechanical
and conductance properties. These changes are
reﬂected as discontinuous jumps in the total energy curve as the system moves between two stable
conﬁgurations when the energy barrier between
them goes to zero due to the stretching. These
plastic deformations appear probably not only in
the jumps mentioned above but also at some other
points that are not so easily identiﬁed in the total
energy curve. A case like this was found for n ¼ 8,
where the structural change in BC produces a
discontinuity in the conductance rather than the
slope change that we can see in the energy curve.
This behaviour reﬂects the complicated energy
landscape associated with the nanowire deformation, with many competing structures that are very
close in energy.
We have analyzed this point in more detail by
considering the reverse deformation of the nanowire with n ¼ 4, starting near the break point, F,
found in Fig. 2. Fig. 11 shows the energy of this
case compared with the one calculated in Fig. 8:
the important point to notice is that the energy of
the compressive deformation is all the time below
the one calculated for the stretching deformation,

pushing
stretching

Etot [eV]
-2738

feature: near the break point, we ﬁnd that only
three channels yield appreciable contribution to
the total current, although there appears a predominant mode, very much in agreement with the
results published by Scheer et al. [7]. Initially,
Dd ¼ 0, the systems are slightly diﬀerent; for n ¼ 4
and n ¼ 5 we have eight markedly contributing
channels, for n ¼ 8 we only ﬁnd seven channels.
However, we should say that the cases n ¼ 5 and
n ¼ 8 are very similar along the stretching path
since it is only in the last jump when the six or
seven channels are reduced to the three channels of
the ﬁnal stage.

-2738.5
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Fig. 11. Total energy (per unit cell) of the Al nanowire as
function of stretching and compressive deformation.
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Fig. 12. Total diﬀerential conductance along the reverse processes of the Al nanowire deformation.

indicating that along the stretching path, EF, the
system has suﬀered some small irreversible changes
in the bonding conﬁguration that prevent the
system to recover the E-geometry. This is a real
eﬀect that reﬂects also in the calculated electrical
conductance for the compressive deformation (see
Fig. 12): we have found that, in this case, its value
is a little larger than the one obtained along the
stretching deformation: in spite of this increase,
the diﬀerential conductance still presents qualitatively the same behaviour as a function of Dd.
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