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Recently experimental and theoretical results established that copper nanowires �NWs� evolve to form linear
atomic chains when pulled along the �100�, �110�, and �111� crystallographic directions. Since that, copper
NWs became an exciting alternative to produce nanocontacts. In the present study, we used ab initio calcula-
tions based on density-functional theory within the local density and generalized gradient approximations to
investigate the electronic structure of copper NWs obtained from previous tight-binding molecular dynamics
�TBMD� simulations. The TBMD structures obtained just before rupture were used for the ab initio calcula-
tions. By pulling the NWs quasistatically in these cases, we also observed their breaking at similar distances as
in the TBMD, regardless of the exchange-correlation potential used. The pulling forces before rupture were
also presented for TBMD and ab initio calculations and they are in good agreement. Finally, we present a
detailed analysis of the electronic structure of selected atoms from the NWs linear atomic chains and tips
before rupture. Our results show that the electronic properties are bulklike for atoms with coordination six or
more. However, lower coordinated atoms from tips and linear atomic chains have their electronic properties
characterized by sharper d and s states shifted toward the Fermi energy.
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I. INTRODUCTION

The search to increase the computational processing ca-
pability produced intense scientific and technological efforts
to make electronic circuits smaller and more efficient, con-
solidating the molecular electronic or nanoelectronic age. In
this context, the investigation of mechanical properties, elec-
tronic structure, and charge transport in metallic nanowires
�NWs� became of fundamental importance, since under
stretching conditions, some NWs evolve to form linear
atomic chains �LACs�, the smallest conductors possible,
which could be used to make electric contacts to connect
nanodevices.

In the nanoscale, there are new and interesting effects due
to the quantum nature of the materials. Some mechanical
properties are quite unusual and differ from what is observed
in bulk. For example, a nanoconductor response to applied
stress through structural rearrangements and its yield
strength can be one or two orders of magnitude larger than
its bulk counterparts.1 Weird structures with multishell, heli-
cal, or tubular shape are predicted theoretically2–5 for many
metals and observed experimentally for gold6,7 and
platinum.8 For copper nanowires, currently there is no ex-
perimental evidences showing weird structures. However,
theoretical work such as molecular dynamics �MD� with em-
pirical many-body potential9,10 and a method derived from
density-functional theory �DFT� calculations11 studied multi-
shell NW possibilities. Tight-binding MD calculations pa-
rameterized from ab initio results12 compared the behavior
copper and gold single wall NWs. The present simulation did
not find helical formation for the NWs studied. Other works
studied the formation of atomic chains and the relation be-
tween mechanical and electronic properties using similar the-
oretical frameworks as the ones used here for other
metals13,14 evidencing the intense search for different nano-
contacts.

Charge transport in quantum-size conductors occurs bal-
listically in quantized units �1G0=2e2 /h� of conductance and

is strongly dependent on structural arrangement of the
atoms.1 Mechanically controlled break junction
technique15–20 or pulling atoms with a scanning tunneling
microscope �STM� tip which is brought into contact with a
flat metal surface21,22 can be used to produce atomic point
contacts. The conductance measurements across a copper
atom point contact exhibit a clear plateau about 1G0.15–22

Stable copper NWs were obtained by electrochemical depo-
sition of copper between a gold electrode and a sharp STM
tip23 and presented the same result encountered above. Pro-
ducing holes in a copper thin foil with a high-resolution
transmission electron microscope �HRTEM� and decreasing
the electron beam intensity to image acquisition, it was pos-
sible to follow the dynamical evolution of copper NWs until
the rupture.20 Such experiment evidenced the existence of
atomic chains formed in copper NWs along the �100�, �110�,
and �111� crystallographic directions.

All these experimental results for metal NWs and, in par-
ticular, copper NWs motivated us to theoretically study these
systems. We used both tight-binding molecular dynamics
�TBMD� and DFT electronic-structure calculations to inves-
tigate the mechanical properties and electronic structure of
copper NWs. The work is presented in two parts, in Sec. II
we discuss the TBMD evolution of these NWs under stress
along the �100�, �110�, and �111� growth directions that
formed tips which evolved to LACs, all the way until their
rupture.24 In Sec. III we used ab initio DFT based SIESTA

code to study the final stages of the evolution of these struc-
tures. We used structures from the final stages of the previous
TBMD calculations, as inputs for DFT quasistatic evolution
under stress, all the way until they ruptured, studying in de-
tail their mechanical and electronic properties. Two approxi-
mations for the exchange-correlation functionals were con-
sidered, local density �LDA� and generalized gradient
�GGA�. We also compared the TBMD results with the ab
initio ones to verify the quality of our TBMD calculations.
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II. TIGHT-BINDING MOLECULAR DYNAMICS
SIMULATIONS

The study of copper NWs under stress until rupture have
been useful to obtain information of mechanical properties
such as force profile under tension and to observe the LAC
formation.24 These properties are very important to deter-
mine the possibility to use copper NWs as nanocontacts. For
this purpose, the TBMD is a reasonable choice since it is a
total-energy method which situates itself between empirical
and ab initio methods in terms of computational cost. It is
more accurate than empirical methods because it includes the
electronic structure using a set of parameters obtained via
fully ab initio linear augmented plane wave �LAPW� method
calculations25 and calculates the quantum-mechanical forces.
For these reasons, the low computational cost of TBMD
compared to ab initio methods allows us to perform dynami-
cal simulations of the order of hundreds of picoseconds of
simulation time at finite temperatures.

The tight-binding �TB� parameters were calculated for
many materials and in different structures to guarantee high
transferability. For example, the parametrization of molybde-
num was made to fit the total energies and band structure for
four volumes in the fcc structure and five volumes in the bcc
structure.25 Using these TB parameters to determine the
lowest-energy structure Mehl and Papaconstantopoulos
found the structure called �-Mn with 29 atoms, a structure
not included in the parametrization. For noncrystalline cases,
TB parameters for gold and copper were used in TBMD
calculations to study the liquid phase of gold,26 gold
NWs,4,27,28 and copper NWs �Ref. 24� with good agreement
with ab initio and experimental results.

We performed TBMD calculations of copper NWs
stretched along the �100�, �110�, and �111� crystallographic
directions.24 The simulation protocol followed four steps: �i�
initial annealing from 400 K until temperatures below 50 K
in 4, 10, and 5 ps with damping parameter of 0.001, 0.0005,
and 0.001 fs−1, respectively, to �100�, �110�, and �111� NWs
to obtain more stable structures. These structures have a ini-
tial elongation along the stretching direction varying from
1.2% to 2.5% compared to the bulk structure. �ii� These NWs
were elongated by 0.40, 0.35, and 0.50 Å and the tempera-
ture was set at 400 K. �iii� New annealing done in 2, 5, and
3 ps for �100�, �110�, and �111� NWs. �iv� Steps �ii� and �iii�
were repeated until the NW breaking. The equations of mo-
tion were integrated using the Verlet algorithm and Brillouin-
zone sampling was done using the � point. The supercell
dimensions were chosen to avoid the interaction between the
NWs and their images.

Figure 1 shows the initial structures in two perspectives,
after the first relaxation and before the rupture for copper
NWs stretched along the �100�, �110�, and �111� crystallo-
graphic directions.24 The NW along the �100� direction
shown in �a� was assembled with �i� four series of two planes
with 12 and nine atoms repeated stacking to a total of 84
atoms. After the first annealing the structure was partially
relaxed as can be seen in a-ii. The structure a-iii shows the
NW close to rupture, displaying two pyramidal tips with a
LAC of three atoms with its bond distances and the arrow
indicating the bond that ruptured. The second NW, structure

�b� was stretched along the �110� and it was constructed with
eight and nine atoms per plane with these two planes re-
peated five times to form a NW with 85 atoms �b-i�. Frame
b-ii shows the structure obtained after the first annealing and
frame b-iii depicts the final structure with a LAC of three
atoms. The third NW, structure �c� was made as a series of
three planes with seven, six, and seven atoms repeated four
times, to a total of 80 atoms �c-i�. In frame c-ii the �111� NW
exhibited a strong tendency to expose a closed-packed sur-
face as in the case of gold NWs �Refs. 12, 27, and 28� show-
ing a folded �111� sheet. This NW was the only one which
totally relaxed after the first annealing. The LAC with four
atoms �c-iii� is the largest LAC of all structures studied. A
more detailed discussion about these calculations, details of
how the one atom constrictions were formed, how they
evolved to form LACs and force profiles were discussed in
Ref. 24. The results presented in this section are important
since some selected TBMD structures were used as inputs to
the present ab initio study and also TBMD and ab initio
results are compared in the next section.

III. AB INITIO CALCULATIONS

Copper NWs produced by the TBMD simulations showed
a varied and rich set of structures and a further study of their
mechanical and electronic properties is a matter of interest to
better understand their behavior and to access the possibility
of use them in applications. In order to get a better under-
standing of the electronic structure in these extremely un-
usual atomic arrangements where copper forms NWs with

FIG. 1. �Color online� Dynamical evolution of �a� �100�, �b�
�110�, and �c� �111� copper NWs. Frame �i� gives the initial struc-
tures, �ii� the first relaxation, and �iii� structures before the rupture.
The red �gray� arrow indicates the ruptured bond.
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tips and LACs showing coordination numbers and bond
angles away from what they experience in bulk, we study the
NWs produced from the TBMD calculations using an ab
initio framework. The coordination numbers varied from 2 to
4 �LAC and tips atoms� until 6 or more �atoms at the NW
surface or into the NW� with many possibilities of bond
angles. The mechanical rearrangement of low-coordination
atoms is strongly dependent on the chemical bonds, which
are characterized by sharper d and s states that shifted toward
the Fermi energy for d-metals such as gold,5,28,29 copper, and
silver.29

Our presentation of ab initio results is divided in three
parts. First, we present technical details about the simulation
protocols and some calculations for bulk and dimer to verify
the quality of the pseudopotential used. In the second part,
we analyze some mechanical properties as LAC lengths un-
der stress and forces before the NW’s rupture. The last sec-
tion is devoted to the electronic structure and its relation to
the different obtained structures.

A. Simulation protocols and preliminary calculations

We performed ab initio total-energy calculations based on
DFT �Refs. 30 and 31� using TBMD structures before the
rupture shown in Fig. 1 as inputs. Norm-conserving
Troullier-Martins pseudopotentials32 with nonlocal partial-
core corrections33 were used to describe the interaction be-
tween valence and core electrons. The exchange-correlation
functionals considered were LDA �Ref. 34� and GGA.35

These calculations were performed using the SIESTA code.36

The basis sets were described with a split valence double-
zeta basis �spin polarized� and localized numerical orbitals
were used with a confining energy of 0.08 and 0.18 eV for
LDA and GGA, respectively. The grid integration to repre-
sent the charge density was defined with a cutoff of 200 and
300 Ry �LDA and GGA, respectively� to perform the
conjugate-gradient �CG� evolution. The grid of 400 Ry was
used to obtain the density of states for the structures before
rupture for both exchange-correlation approximations. Su-
percells were defined with periodic-boundary conditions to
define the chain geometries and to avoid interactions be-
tween the NWs with their images. The Brillouin-zone sam-
pling was represented by eight k points along the NW axis.37

Table I shows some calculations performed for the bulk
and dimer of copper to check the parameters and the pseudo-

potential used. The first column presents calculated results
using a basis optimized to the bulk38 �LDA�, the second and
third columns give our LDA and GGA calculations using the
energy shifts mentioned above. These results show a devia-
tion between calculated values and experimental results up to
2% for bulk lattice parameter and dimer bond length and
around 13% for the bulk modulus. The cohesive and bond
energies have considerable deviations about 50% and 60%
from the experimental value but compatible with other theo-
retical results.40

The CG method was used to relax the forces to reach
minimal-energy structural configurations. This method was
chosen for the ab initio calculations since it shows the fastest
convergence than other methods such as steepest descent or
simulated annealing.41 The relaxation was done until all
force components were smaller than 0.01 eV /Å. The proce-
dure to evolve the copper NWs until the rupture followed
three steps: �i� perform a CG calculation for the initial con-
figuration, the structure from TBMD before the rupture, �ii�
increase the NW along the stretching axis by 0.1 Å, �iii� new
CG calculation performed from the stretched configuration,
and �iv� repeat the steps �ii� and �iii� until the observation of
tip retraction or a sudden increase of one bond indicating the
NW rupture. These calculations were performed for copper
NWs stretched along the directions previously studied using
TBMD. They are the subject of the next section where we
also analyze in more detail the rupture, calculate forces and
compare them with our previous TBMD results.

B. Mechanical properties

Metallic NWs support tension during the stretching pro-
cess, increasing the sustained forces linearly until a rear-
rangement occurs, reducing the tension. At such events, there
is an abrupt reduction in the sustained forces, then they in-
crease linearly from small values until a new rearrangement
occurs, repeating this process. This is the so-called sawtooth
behavior of the forces until rupture.24,28 After some rear-
rangements, the NWs evolve to a one-atom constriction
which indicate the beginning of the LAC formation. The
evolution of the LAC continues with these rearrangements
and inclusion of atoms from the tips into the LAC, until the
tips reach symmetrical configurations. At this point, the ten-
sion causes the increase in the distance between atoms in the
LAC due to their low coordination since they have less re-
sistance to support tension than the atoms from the tips or the
bulk, therefore the LAC bonds increase almost linearly until
the rupture.24

The breaking process in copper NWs occurred after the
LAC formation as presented in the TBMD study and to get a
better insight about when and how the rupture occurs, we
performed a simple calculation considering a linear trimer
�LT�, the typical LAC configuration of copper NWs under
tension, to evidence the instability that occurs during the
breaking process. We evaluated the LT potential energy
curves varying the position of the central atom for different
values of LT distance, to establish a critical LAC length for
the breaking process.42 Figure 2 shows the potential energy
surface �PES� profile for a LT where the two external atoms

TABLE I. Lattice parameter �a�, bulk modulus �B�, and cohesive
energy �EC� calculated for bulk cooper, and bond length �l� and
bond energy �EB� for copper dimer.

LDAa LDA GGA Exp.b

a �Å� 3.58 3.58 3.67 3.60

B �GPa� 167 155 156 137

EC �eV� 5.35 5.09 5.15 3.49

1 �Å� 2.17 2.17 2.18 2.22

EB �eV� 3.21 3.06 3.16 2.01

aUsing the basis optimized for bulk, see Ref. 38.
bFor bulk information, see Ref. 39 and for dimer see Ref. 40.
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were kept fix and the central atom was moved, for triplet
lengths L from 5.0 to 5.5 Å using LDA. The PES evolution
has two contrasting configurations as function of L. Small
values of L give a stable one minimum with the central atom
favoring the stable central position with equal bond lengths.
Beyond a critical L value, the PES evolved to a two minima
profile. The onset of the instability, transformed the stable
central position into a maximum that became unstable. In
these cases, the atom has to choose one of the minima caus-
ing the breaking of the structure since the other bond gets too
large. This analysis revealed one minimum for L values from
5.0 to 5.2 Å, showing a stable LAC with the central copper
atom favoring the central position. On the other hand, LAC
lengths from 5.3 Å developed a two minima profile. How-
ever, the energy difference between the central position and
the two minima for L values 5.3 and 5.4 Å are about 1.1 and
1.3 meV and are displaced from the middle position by
�0.15 and �0.30 Å, respectively. Although, the potential
barriers are so small in both cases, the presence of two
minima is one indication of an unstable LAC, therefore the
bonds close to the rupture should be for values in the range
2.65–2.70 Å. The last case, namely, L=5.5 Å the average
bond was 2.75 Å and the potential barrier had grown enor-
mously to 43 meV with the displacement minima going to
�0.35 Å evidencing a break situation. We therefore argue
that whenever a given LAC triplet gets larger than 5.3 Å the
NW tends to break.

Probably in experiments at finite temperatures, bond dis-
tances at break tend to be smaller than the bonds considered
in this quasistatic approach, due to thermal fluctuations, as
shown in the case of gold NWs, where ab initio MD at finite
temperatures42 showed good agreement with experimental
results.43 Another interesting possibility in metal NW LAC
formation is the effect of light impurities not observed in
electron-microscopy experiments, they could explain some
larger bond distances observed in the HRTEM images. From
the theoretical point of view this possibility was investigated
in gold NWs for many authors42,44–47 and it is the subject of
our current research for copper NWs.

The ab initio electronic structure calculations for the
evolution of the copper NWs under stress starting from the
previous TBMD structures for elongations just before the
breaking were done using both exchange-correlation ap-
proximations �LDA and GGA�. The first CG steps using

GGA showed a tendency to increase the NW volume, like a
inflating process which compressed the LACs that became
shorter and also showed a zigzag form, evidencing larger
bond distances calculated using GGA than those obtained
using LDA. Zigzag configurations were obtained previously
for gold28 and this difference between bonds from the bulk
parts of NWs is consistent with the fact that the bulk lattice
parameter calculated using GGA was 3.5% larger than LDA
calculation, as can be seen in Table I. Therefore, the presen-
tation of Figs. 3–5 showing copper NWs stretched along the
�100�, �110�, and �111� directions have the following order:
�i� structures from the TBMD simulation, obtained after the
first CG ab initio relaxation using LDA; �ii� the last struc-
tures before the NWs break, also using LDA; �iii� structures
obtained after a CG relaxation from the structures obtained
in �i� using GGA, and �iv� the final GGA structure obtained
before the NW break. Some atoms in blue �light gray� and
numbered from 1 to 4 with different coordination were cho-
sen for the investigation of their electronic structure as dis-
cussed in the next section.

Figure 3 shows the evolution of the NW stretched along
the �100� direction. Figure 3�i� has the initial LDA structure
identical to the final structure, therefore the structure �i� is
identical to �ii� in this case, before the rupture, since the NW
breaks after the first CG relaxation. One atom from the LAC
was incorporated back to the tip after the CG relaxation. The
LAC reconstruction incorporating atoms back to the tip is a
likely event in the case of very small LACs and has occurred
in this case due also to the bulk bipyramidal structures that
inflated compressing the short LAC. This NW had three at-
oms in the LAC in the final stages from TBMD and just two
atoms from the tips in the structures obtained for both
exchange-correlation approximations. The structure 3�i� has
tips with a pyramidal shape with breaking bond distance be-
fore the rupture of 2.67 Å. From this configuration, after a
CG relaxation using GGA, we can see this tendency to GGA
bonds to be larger than the LDA ones. The only bond from

FIG. 2. �Color online� PES curves for some values of L �LAC
length� versus the displacement of the middle atom.

FIG. 3. �Color online� Copper NW stretched along �100�: �i�
after the first CG performed on the TBMD structure �from Fig. 1�
obtained using LDA and �iii� after the first CG performed on the
LDA structures �i� and �iv� after stretching and before the rupture
using GGA. The red �gray� arrows show the breaking bond.
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the LAC was pressed by the tips and bulk parts decreasing its
distance in 6% as showed in Fig. 3�iii�. After stretching, this
bond distance increased from 2.51 to 2.65 Å in Fig. 3�iv�
becoming a breaking bond as the LDA one in Fig. 3�i�. These
breaking bonds calculated here are almost 1% and 1.5%
smaller than the TBMD one for LDA and GGA calculations.

Figure 4 shows the NW stretched along the �110� direc-
tion. After a first CG relaxation the LAC displays three at-
oms �Figs. 4�i� and Fig. 4�iii�� as the previous TBMD struc-
ture �Fig. 1�. In these cases, the LAC bonds are very similar,
in good agreement with the trimer discussed previously,

where the central atom is in a symmetrical position with
respect to its neighbors for trimer lengths smaller than 5.2 Å
�Fig. 2�. However, the LAC is under compression because tip
atoms are pushing the LAC making the bonds almost linear
with angle 176° for LDA �Fig. 4�i�� and zigzag with angle
169° for GGA �Fig. 4�iii�� but with almost equal distances.
Upon further stretching, the NW evolved and bond distances
before rupture were similar to the TBMD �Fig. 1� for the
LDA calculation in Fig. 4�ii� and about 1% larger for the
GGA showed in Fig. 4�iv�, also in this case, the breaking
bond occurred for the bond 2–3 for LDA and for the bond
3–4 for GGA approximation.

The NW stretched along the �111� direction is presented
in Fig. 5. The first difference compared to the TBMD calcu-
lation is the number of atoms which decreased from four to
three atoms. After the first CG performed from the TBMD
calculation, the LAC had symmetrical bonds and its bonds
were almost linear with angles of 173° and 158° as showed
in Figs. 5�i� and Fig. 5�iii� �LDA and GGA� similar to the
last case showed above. After the stretching, the average
bond before rupture was almost 1.5% smaller for LDA Fig.
5�ii� and 1% larger for GGA Fig. 5�iv� as compared to
TBMD, showing a good agreement with the cases above. In
this case, the breaking bonds were the same for both
exchange-correlation approximations and for �110� and �111�
cases, they occurred for trimer distances larger than the criti-
cal instability value LC=5.3 Å.

Table II displays the forces before rupture for all cases
comparing them with previous TBMD results. The ab initio
forces gave values from 1.8 to 2.4 nN while the TBMD
forces were from 1.5 to 2.0 nN, showing a reasonable agree-
ment between them, similar to the agreement obtained in the
case of gold NW.5

The structure of the NWs shown here are qualitatively
similar to the TBMD counterparts: a bipyramidal shape for
the �100� tips and rodlike for the �110� and �111� directions.
The number of atoms in the LAC, on the other hand changed
in the �100� and �111� cases and bonds were slightly larger
than the TBMD ones. Copper NWs have shorter LACs and
are less malleable12 than gold NWs, in which cases no major
reconstruction were observed in comparison between TBMD
and ab initio calculations.28 The stretching processes were
performed without temperature in small stretching steps of
0.1 Å as explained above, differently from the annealing
process used in TBMD, however as we can see, the bond-
breaking distances are in good agreement between ab initio
and TBMD calculations having a maximum difference of
about 1.5%. The next section presents the electronic structure
of these copper NWs relating them with the structural prop-
erties discussed here.

FIG. 4. �Color online� Copper NW stretched along �110�: �i� and
�iii� after the first CG performed on the TBMD structure �from Fig.
1� obtained using LDA and GGA and �ii� and �iv� after stretching
and before the rupture using LDA and GGA. The red �gray� arrows
show the breaking bond.

FIG. 5. �Color online� Copper NW stretched along �111�: �i� and
�iii� after the first CG performed on the TBMD structure �from Fig.
1� obtained using LDA and GGA and �ii� and �iv� after stretching
and before the rupture using LDA and GGA. The red �gray� arrows
show the breaking bond.

TABLE II. Forces �nN� before the rupture for all
calculations.

Direction TBMDa LDA GGA

100 2.0 1.8 1.8

110 1.5 2.1 2.3

111 1.6 2.4 2.0

aFrom Ref. 24.

AB INITIO STUDY OF LINEAR ATOMIC CHAINS… PHYSICAL REVIEW B 81, 115463 �2010�

115463-5



C. Electronic structure

The understanding of the electronic structure and its rela-
tion with the mechanical properties in a nanoconductor is a
fundamental issue to access the possibility of use it in de-
vices or electric contacts. Copper, is a transition d metal
which in bulk has a face-centered cubic structure with 12
first neighbors and density of states profile for d orbitals

characterized by an energy distribution in the interval −6 to
−1 eV bellow the Fermi level. When the coordination num-
ber decreases, this electronic distribution changes becoming
sharper and shifted toward the Fermi level. However, as will
be shown, for six or more coordinated atoms, the density of
states is very similar to the bulk �bulklike� while for lesser
coordinated atoms an unusual behavior emerges. This occurs
in the case of atoms from the tips and LACs, as they are two
to four coordinated. Figures 6 and 7 display the projected
density of states �PDOS� per orbital for all copper NWs pre-
sented above, after the first CG relaxation �as in Figs. 3–5�
and before rupture when the LAC is a straight line �Figs. 3–5
and also on Figs. 6 and 7�. Selected atoms labeled from 1–4
were chosen for the electronic structure study due to their
distinct coordinations, as representative examples of typical
coordination encountered in these metallic NWs. For bulk-
like atoms, we compare them with bulk copper.

The density of valence states projected per orbital was
calculated using LDA �left� and GGA �right� for the copper
NW stretched along the �100� direction and displayed in Fig.
6. Atom �1� is deep inside the pyramidal tip and it is sur-
rounded by ten and nine atoms �LDA and GGA�. The PDOS
for this atom is bulklike as can be observed by its similarity
to bulk copper even so bond distances and bond angles were
different than in bulk. Another similar situation could be ob-
served with atom �4� which is a surface atom bounded to six
atoms from the surface and to another one inside the NW,
also as bulklike. These atoms are bulklike, however they
have a shy shift to the Fermi level and these cases are quite
similar for both exchange-correlation approximations. On the
other hand, atoms �2� and �3� are three- and four-
coordinated, respectively, and their densities of states are
characterized by sharper states localized in two peaks for
atom �2� and just one for atom �3� shifted toward the Fermi

FIG. 6. �Color online� Density of states for copper NW stretched
along the �100� direction calculated using LDA and GGA. The in-
dex �ii� refers to the structure in Fig. 3.

FIG. 7. �Color online� Density of states of copper NW stretched along the �110� �left� and �111� �right� directions calculated using LDA
and GGA. The indices �i� and �iii� refer to the structures in Figs. 4 and 5.
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level with some differences between LDA and GGA calcu-
lations. The structures �i� and �iii� have bond distances very
similar for both exchange-correlation approximations. In the
GGA case, we observed a peak shift of about 0.3 eV toward
the Fermi level, as the structure evolved from �ii� to �iii�
caused by the increase in bond distance exhibiting also
sharper peaks. The shift in energy of the DOS toward the
Fermi level considering the change in coordination, reveals
that the effect of reduction in the number of neighbors from
the bulk value to nine or ten atoms �atom 1� or seven atoms
�atom 4� is less intense compared to the shift to the Fermi
level for three- or four-coordinated atoms. Besides this, all
peaks are closer to the Fermi level in GGA than in LDA for
both d and s states.

Figure 7 depicts densities of states for copper NWs
stretched along the �110� �left� and �111� �right� directions.
First, let us focus on the �110� NW. Atom �1� is surrounded
by 11 and ten atoms for LDA and GGA, respectively, and its
PDOS shows an almost bulklike behavior but with small
differences when compared with the bulk density of states.
The bonds around atom �1� are smaller than the bulklike
atoms inside the NW from the �100� and �111� copper NWs.
The surface of this NW is formed by rings which have an
angle with the stretching direction, similar to the �110� gold
NW.5 The distances and angles between atom �1� and its
neighbors are different from the bulk. Although some differ-
ences exist, there are also similarities between the atom �1�
PDOS and bulklike behavior: it keeps some bulk character-
istics such as energy width and same height in the density of
states. Atom �2� is three-coordinated and it has two distin-
guish peaks, as the atom �2� in the �100� copper NW and also
more shifted to the Fermi level in GGA than in LDA for the
d state. The s state, exhibits a sharper peak in GGA than in
LDA which is centered about 1 eV bellow the Fermi level.
Atom �3� in the center of the LAC has coordination 2 and in
this case, the GGA approximation shows one peak sharper
and about 50% higher than the LDA one. Both peaks are
centered around the value −0.5 eV and also very close to the
Fermi level. Other interesting fact is the localization of the s
state centered in the same energy value of the d state. The s
state is associated to the electronic transport in d metals. In
this case, both states are very close to the Fermi level and
with peaks in the same energy. This could bring new features
to the transport in this NW. Atom �4� is also three-
coordinated and it has an electronic structure very similar to
atom �2� just discussed, without qualitatively differences be-
tween LDA and GGA calculations before rupture. Compar-
ing the structural changes from structures �i� to �ii� in LDA
with the change in the PDOS profile, we can see a shift about
0.3 eV while the GGA case from �iii� to �iv� shows a larger
shift. Qualitatively, besides the shift, there are no differences
between the structure �i� to �ii� in LDA for the atoms �2�–�4�.
On the other hand, for atom �3� in GGA, the structure �iii�
displayed two distinct peaks that evolved to a single sharper
peak around 0.5 eV below the Fermi level �structure iv�. In
the case of atom �4� the difference in DOS for LDA and
GGA as the structure evolves is caused by structural the form
of the LAC that in the LDA case from �i� to �ii� is almost
linear, so only a shift is observed in the DOS, while the GGA
starts as zigzag �iii� that evolves to an almost linear form in

�iv�. The GGA is an approximation in which, the effect of
gradient of the charge density is well described, therefore
should be better to address the local environment. Since the
structural differences between structure �iii� to �iv�, respec-
tively, to atoms �3� and �4� are related to the bond angles and
distances, the differences regarding the PDOS could be bet-
ter described using GGA approximation.

Now, our focus is the density of states of �111� copper
NW on the right side of the Fig. 7. This NW evolves to a
LAC with three atoms as the �110� showed above. In this
case, LAC distances are larger for GGA than LDA calcula-
tions. In this case, the NW has a closed-packed structure
which is mentioned in other works for copper12,24 and also
for gold12,27 stretched in the same direction. This structure is
a tube which is a folded �111� sheet and the inside atoms are
surrounded by the surface rings with six atoms. The inside
trapped atoms form dimers. Although, the dimer is trapped
inside this structure, the distances between the rings and the
inside atoms are bit larger than the average distance observed
in bulk but the distance to the other inside atom is shorter
than the bulk and larger than the copper dimer. Apart from
these differences, atom �1� has a density of states very simi-
lar to the bulk, thus it is bulklike and also shifted to the
Fermi level as the previous cases. Atom �3� in the center of
the LAC has strong localized d and s states at the same
energy similarly as observed in �110� copper NW. The dis-
cussion about the evolution of structures from �i� to �ii� and
from �iii� to �iv� are compatible with the previous discussion
for the �110� copper NW.

In order to give some insight on the spatial charge distri-
bution of copper NWs, Fig. 8 presents three sets of charge-
density isolines48 for values 0.005, 0.010, and 0.015
electrons/�Bohr�3 of the �111� copper NW in a plane that
contains all the atoms from the LAC evidencing a metallic
delocalized bond as obtained previously in the case of a gold
NW.28 These configurations were calculated for LDA and
GGA and both cases are very similar, therefore we only
present the GGA plot.

IV. CONCLUSIONS

In this work, we studied electronic and structural proper-
ties of thin copper NWs. The work compared previous re-
sults obtained using TBMD with ab initio results showing a
good agreement between them for the linear atomic chain
distances and forces before rupture of the NWs. We have
also studied the electronic structure of these copper NWs for
all final structures using LDA and GGA approximations with

FIG. 8. �Color online� Charge-density isolines of �111� copper
NW calculated using GGA.
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a discussion about similarities and differences between these
approximations. Our results showed that the densities of
states are bulklike for atoms with coordination six or more,
at the NW surface or inside the NW’s tip. For lower coordi-
nated atoms, coordination varying from two to four atoms, d
states are localized and shifted toward to the Fermi level. In
these cases, the GGA calculations gave more localized and
sharper results than LDA and also more shifted toward the
Fermi level. The atoms from the center of LACs, bounded to
other two atoms, also revealed localized s states in the same
energy of the localized d states around the Fermi level which
could be interesting for further analysis in transport calcula-
tions. The GGA approximation revealed to be sensitive to the
bond angles and distances exhibiting sharper peaks for low

coordinated atoms compared to LDA. Finally, the density of
charge revealed delocalized metallic bonding.
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