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Real time imaging experiments with metal nanowifi$Vs), in particular gold under stress, that show their
formation, evolution, and breaking, were obtained with high resolution electron microscopy. In order to un-
derstand these results, we use density functional th@Ff) based methods to simulate the evolution of Au
NWs. First we use a tight-binding molecular dynam{@8MD) method to understand the mechanisms of
formation of very thin gold NWs. We present realistic simulations for the breaking of these NWs, whose main
features are very similar to the experimental results. We show how defects lead to the formation of one-atom
constrictions in the Au NW, which evolves into a one-atom-thick necklace chain. Similarly to the experimental
results, we obtain that these necklaces can get as long as five-atoms from apex to apex. Before breaking, we
obtain relatively large Au-Au bond distances, of the order of 3.0-3.1 A. A further pull of the wire causes a
sudden increase of one of the bond distances, indicating the breaking of the NW. To get some more insight into
the electronic structure aspects of this problem, we considered several of our tight-binding structures before
breaking and studied them in detail using aminitio method based on the DFT. By pulling the wire quasi-
statically in this case, we also observed the breaking of the wire at similar distances as in the TBMD. This
result was independent of the exchange-correlation potential used—either the local density approximation
(LDA) or the generalized gradient approximati@GA). The pulling force before rupture was obtained as 2.4
nN for the LDA, and 1.9 nN for the GGA. Finally, we also present a detailed analysis of the electronic structure
properties for the Au neck atoms, such as the density of states and charge densities, for some configurations
before the rupture.
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[. INTRODUCTION bility and low reactivity(bulk phasg¢ Even though gold is a
well known bulk material, many surprises appear when one
Last century's final decade witnessed a revolution inmoves to low-dimensional structures. For example, the tran-
terms of new and powerful experimental technighiesch as  sition from crystalline(fcc) gold to nanowires presents an
scanning tunneling microscog$TM), atomic force micros- interesting organization of matter, a subject not yet fully
copy (AFM), and high resolution transmission electron mi- understood. Au nanowires have been experimentally pro-
croscopy (HRTEM). These new techniques revolutionized duced by different techniquéshe first report of their fabri-
the understanding of matter at its atomic level, not only duecation was by contacting a STM tip with a metal surfice.
to the fact that they permit to image atoms, but also becaus8ince then, similar approaches have been used by many
some of then allow atomic manipulation. As a consequencegroups:— The technique of “break” junctions, originally in-
nanoscience became a reality, and research in nanophysicstieduced to study thin wire superconductdmsas extended
one of the important efforts nowadays. This research is inand became the mechanically controllable break junction, in-
teresting from the fundamental point of view of understand-+roduced by Mulleret al,*® which has also been used exten-
ing basic physics, but it has also a great appeal because it caively to study nanowires. Moreover, imaging techniques,
lead to devices with possibilities of offering new technologi- such as HRTEM! have also been employed extensively in
cal solutions, going beyond the present silicon based tectthe study of nanowires. Ohniskit al.” developed a STM
nology. This ability to manipulate matter at the atomic scaleexperiment inside a HRTEM chamber, and measured con-
has brought nanoscience into the forefront of research, due fuctance with simultaneous images of Au nanowires. In this
the possibilities of both immediate and long term technologi-way, for the first time, it was shown that one-atom thick
cal applications. In the present microelectronics technologwyvires were indeed formed under tensile stress, and displayed
electric contacts are very important parts of devices. In the@ne quantum of conductance. This same group also devel-
nanotechnology world, whatever surprises it may bring inoped a way of producing nanowires from self-supported thin
terms of new devices, electric contacts will probably con-films, which have been used in real time imaging experi-
tinue to play an important role, and most likely will play an ments of metal nanowirés:** This technique, initially de-
even more fundamental role. Therefore, the research of nanweloped by Kondo and Takayandgiis an experimental pro-
contacts is of paramount importance for the development ofedure that produces stable Au NWs through electron-beam
components for the next generation of devices. irradiation of a Au thin film in a ultrahigh vacuum transmis-
Among metals used for contacts, gold occupies a privi-sion electron microscope. Nanoholes are produced in Au
leged position, due to its singular properties, such as malleg901) films, with a=3-nm thickness, by this electron beam

0163-1829/2004/691)/11541111)/$22.50 69 115411-1 ©2004 The American Physical Society



DA SILVA, NOVAES, DA SILVA, AND FAZZIO PHYSICAL REVIEW B 69, 115411 (2004

bombardment. In this way, free standing nanobridges wer&em [tight-binding molecular dynamic€TBMD)], therefore
produced, which, upon further irradiation, became thinnertaking into account, explicitly, the effect of the electrons in
The electron beam was then turned into an observation modbe problem. A recent tight-binding scheme, proposed by
(HRTEM), which allowed a combination of atomic resolu- Mehl and Papaconstantopoufds® provided a method that
tion with real time image acquisition, therefore, permitting Permits calculations to regimes involvinga.0* atoms in

the real time observation of the nanowiré’$W’s) dynami- the unit cell, and also for relatively long simulation times at
cal evolution. One important finding of these studies wadinite temperatures, expanding the simulations to a range be-
that, under stress, these wires, before breaking, can get ygnd the present capabilities ab initio calculations. More
thin as one-atom chains, and as long as five suspended &gcently, the NRL group has developed a new TBMD scheme
oms, with unexpected quite large interatomic distances ofhat hags 35363” successful in treating many properties of
~36A between the chain atorfd®!* Some recent Mmetals?® _ _

works®~8however, have proposed that impurities might be .The structure of th!s paper is as.follows. In Sec. Il after
the cause of such large distances. Other surprises, such @4 general introduction, we describe the methods used in
helical nanowire structures, have been theoreticallyfn® Présent calculations. We first describe the TBMD

predicted'® for Pb and Al, and experimentally obserd®ih method, followed by a presentation of thb initio method
gold. that we have used to study the electronic structure of these

One of the important reasons to understand these nano#@nowires, generated through the TBMD procedure. In Sec.
ires is that, between two of the tips of very thin NWs, it is Il we discuss the results of the present calculations. We first
possible to insert small structures, such as carboresent the TBMD simulations, which allow us to understand

buckyballsz,o or small organic molecule®,with the possibil- the fo_rmation mechz_inisms_ of these _atomically thin _Au
ity of use as devices. Calculations to understand such sy&ianowires. We study in detail the evolution of Au nanowires
tems have been doré? A recent calculation of organic under stress, and show how defects induce the formation of
molecules attached to a Au surface, and then pulled out d?ecks that eventually will form the onel—atom chains. These
the surface, has shown that the molecular structure is tran§hains, due to stress, grow up to a point where they break.
formed into a composite system, namely, a molecule attache€ then present density function theory calculations of se-
to a Au nanowire pulled out of the Au surface. In other !€cted stages of the molecular dynami®dD) evolution,
words, the molecule instead of breaking when pulled out ofvhich were used both to validate the accuracy of the TBMD
the surface. draws out from it a one-atom-thick nanowire thagimulations as well as to discuss the electronic structure of
is stretched similarly to the ones that we simulate here. It i{h€se nanowires. Finally, in Sec. IV we give conclusions and
this nanowire that eventually breaks, leting the moleculg®@rspectives opened up by this work.
free from this surfacé*

Parallel to these developments in nanotechnology, that Il. METHODS
made it possible to manipulate and design smaller interesting

struciures almost every day, computer simulations, with N€Wonic structure calculations, and we use two methods to

methodologies and the increasing power of state-of-the-ar tudy nanowires, both based on DFT. First we study the for-
computers, are also able to test and even propose new stryg.

. . . ation, dynamical evolution and the breaking of nanowires
tures, the so-called computer assisted virtual projects of nezﬂ1 y g

Density Functional TheoryDFT) is the basis for elec-

truct Al the i fth t di d f met sing the DFT derived tight-binding molecular dynamics
structures. Along the linés of the present dISCUSSIOn of Melay, o144 we then perforrab initio calculations for selected

NWs, predlc_:tlons ha_we been made. Mostl_y using mo'.eCU|annfigurations from the TBMD simulations, and study their
dynamics with classical many body potentials, many S|mula—FSjlr

. . electronic structure properties, and the nanowire’s breaking
tions of experimental setups, and also many new propose

structures, were present&é26 The first works in this area oo
started in an attempt to understand the wetting process that
occurred with Au STM tips, when in contact with a Au
surface?’ Simulations with classical potentials for NWs were  As discussed above, we initially performed TBMD
performed in order to understand the experiments. As mersimulations?®~2°This method lies in between first principles
tioned previously, Gulseren, Ercolessi, and ToShtire- and empirical methods: it is more accurate than empirical
dicted, based on computer simulations with classical potenpotential methods because it explicitly includes the elec-
tials, that Al and Pb thin wires would “prefer” to have what tronic structure, and is much faster than first principles meth-
they called “weird” structures, as opposed to the expectedds. The electronic structure of gold is described using a
crystalline multifaceted structures. This type of approach tdight-binding fit developed by Mehl and
the problem considers the structural question of competitiofPapaconstantopoul8$.and a brief description of their pro-
between internal packing and minimal surface energy. Albeitedure is presented here. The parameters®iseete fitted
important, these studies should be complemented and cots reproduceab initio density functional theory calculations
firmed by ab initio studies. Unfortunatelyab initio studies  of band structures and total energies as a function of volume
are very demanding computationally, and very few studiegor fcc, bcc, and simple-cubi¢sc) structures. The data base
were done so far. One step towards this goal is to considéncludes ten fcc, six bcc, and five sc structures. Energies at
tight-binding parametrizations for the underlying electronicvery small volumeg60% of the local equilibrium volume
structure, in a molecular dynamics formulation of the prob-were included. In Ref. 31 Kirchhofét al. show that the

A. Tight-binding molecular dynamics
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tight-binding parametrizations for static properties like bulk  TABLE I. Calculated binding energies and forces for Afor
modulus, elastic constants, and phonon frequencies are fifferent approximations.

good agreement with experimentsrrors between 2% and
10%), and also that the use of these TB parameters in MOPFT ~ Base Es (eV) Mesh(Ry) Eg (eV) Force(nN)
simulations gave a temperature o_lependence of Iatti(_:e CONHA  DzP 0.07 250 299 352

stant and atomic mean-square displacements also in go A DZP 0.07 250 238 205

agreement with experiment@rrors of the order of 1%
Also, for liquid gold atT=1773 K, the calculated radial Expt. 2.3
distribution function showed good agreement with the ex-
perimental values. In conclusion, the use of this parametri-

zation 3I°r bulk solid and liquid gold gave very good |ected structures from the TBMD simulations. All our results
rgsuzlgs. This parametrization can be obtained at their weby e pased oab initio total energy DFTRef. 39 calculations
site” _ using numerical orbitals as basis sets.

Since this TBMD has been successfully_u’éetd) study We have used thsiesta code®® which performs fully
crystalline and liquid Au, we have used it to study AU gelf.consistent calculations solving the Kohn-Sham equa-
nanowires. .Thgg MD procedure uses the NRL-TBijons The interaction between the valence electrons and
parametrizatioff?° for the electronic states. The electronic ionic cores are described through standard norm-conserving
structure is calculated using a diagonalization procedure. The,qlier-Martins pseudopotentiafé. We use periodic-
equation§ of motion are integrated using the Verlet algorithrrboundary conditions and a supercell approximation with a
and the time step used was=1 fs. To perform the anneal- |5tera| separation of 20 A between wires to make sure that
ing, we have used a friction parameter0.001 fs ™. Bril-  they do not interact with each other. We have usedXhe
louin zone sampling was done using thepoint. The peri-  noint for the Brillouin zone sampling, though tests with eight
odic supercells used in all calculations had dimensi@®  \jonkhorst-Packk points” along the tube axis were also
A 20A Ly). _ _ ~ performed. After each change in the wire’s length, the posi-

The dynamical evolution of the wire under stress is simu+jons of all the atoms in the supercell were relaxed until all
|ated in the fO||0Wing Wa.y(|) Sim.ula.tions start from a StaCk the force Components were Sma”er than 0.03 eV/A There
of ten planes of seven atoms, oriented along(1d) growth  are some crucial approximations that have to be tested care-
direction. The initial periodic super-cell hasy=24.0 A" fylly in order to have a reliable result with theeSTA code.
along the tube direction, which corresponds to an elongatiofist of all, the quality of the basis set, in terms of how many
of 0.4 A (or ~2%) when compared to an ideal stack of tenfunctions are used to describe each angular momentum chan-
(111 planes in bulk Au. This initial configuration is warmed ne|, is crucial. To obtain good results it is necessary to use a
to 600 K, and then annealed to lower temperatures, resultingouble-zeta basis set. However, it is also important to check
in a cylindrical final geometry with the surface atoms recon-i it js necessary to include a polarization function. The sec-
structing into a densely packed structu@) The wire is  ond parameter to be considered is the range of the basis
elongated by 0.5 A(iii) The temperature is increased to 400 function, which is characterized by a confining energy, usu-
K. (iv) The system is annealed for 4000 MD stépps up  ally called the energy shiff Another critical approximation
to a temperature of approximately 30 K. Stéps—(iv) are s the energy cutoff, which defines the grid used to represent
repeated until we observe the rupture of the wire. Evenhe charge density. Finally, a very important approximation
though this protocol corresponds to elongation rates mucht the level of DFT is the exchange-correlation functional.
higher than the experimental onésut similar to all other e performed calculations both at the local density approxi-
rates used in atomistic simulation# leads to forces that are mation (LDA) and the generalized gradient approximation
quite similar to the measured valdéd® (see below. More-  (GGA).2° From a series of tests for both bulk gold and a gold
over, the time interval between each elongation step is muchimmer, we have concluded that a good description is given
larger than a typical relaxation time for gold. Finally, it is py a split-valence double-zeta basis set with polarization
worth mentioning that all the general features discussed bqtlnction with a Conﬁning energy shift of 0.07 é?/,and a
low were also present in other simulations where we varie@uytoff of 250 Ry for the grid integration. In Table | we
either the cell elongatioristep ii abové or the simulation present results for the Aufor the LDA and GGA approxi-
temperature[step (iii) above. In fact we describe here a mation. As can be seen, the GGA approximation gives a
second simulation performed with the same procedure Withnhych better value for the binding energy, and a smaller value
the only difference that in step iii the temperature was raisegor maximum force required to separate the gold atoms. For
to 300 K. the present discussion of the nanowires, we have also per-
formed calculations using the GGA and LDA approximations
to examine the wire’s rupturésee below. Similarly to the
dimer results, our calculations show that the GGA breaking

The simulations using TBMD gave very good insights forces are smaller than LDA ones, and in better agreement
into the mechanisms of formation and also the breaking ofvith the experimental result§or the LDA, we have ob-

Au nanowires; nevertheless one question remained unamained 2.4 nN, for the GGA we have obtained 1.9 nN, and the
swered: how different would these be from aln initio cal-  experimental result is 1.5+0.3 nN). It should be men-
culation? We therefore performed DFT calculation for se-tioned that, even though the GGA equilibrium distances tend

B. First principles calculations
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low Au nanowires were presented by Koneloal,'> where a
hollow six-atom ring was covered by another sheet of Au
atoms consisting of a 13-atom ring. Hollow nanowires, with
six-atom rings, were reported recently in Pt nanowffes.
This is consistent with the fact that the Au atoms always try
to expose a closepacked surface. We observe that a new ring
of six atoms is inserted when the increase in the length of the
wire is of the order of thé111) interplanar distance in bulk

Au (~2.3 A). When the rings are somewhat compressed, we
observe a small helicity along the tube axis. This probably
happens in order to accommodate the atoms, and the helicity
decreases as the wire is pulled.

The evolution from the hollow tube of Fig(d) to the one
atom constriction in Fig. (b) occurs due to a very interesting
mechanism of defect formation that was first discussed by da
Silva et al?® Further evolution with the inclusion of more
atoms to the chain is due to a competition between elastic
FIG. 1. Atomic configurations of a gold nanowire at selectedforces and atomic displacements. At one side the elastic

elongation stageimulation ), obtained through tight-binding mo- forces grow and if the tips are not very symmetrical, atoms
lecular dynamics simulations. The configurations presented corrénove to relax these forcé8.When the tip becomes very
spond to the following wire lengthga) 25.5 A, (b) 33.0 A, (c) 35.0  symmetrical, the wire withholds the forces up to a critical
A, (d) 38.0 A, (e) 40.5 A, and(f) 43.0 A. breaking value when rupture occurs.

The development of an one-atom neck displayed in Fig.

to be larger than the LDA ones, the maximum Au-Au rupturel(b), occurs whenL,y=33 A. Forces in the interval from
distances are very similar in both cases, indicating that th&longations ofy=31-34 A show a buildup from 1.2 up to
differences between the GGA and LDA geometrica| param2.6 nN, I’Ight before the formation of the one-atom neck,

eters for the equilibrium structures do not reflect their behavfollowed by a sudden force reduction to a value of 1.3 nN
ior under stress. with the atomic rearrangement. This sawtooth behavior is

similar to experimental resulfé:>®
In general terms, the thinning down process is due to a

Ill. RESULTS defect structure that leads to the one atom constriction shown
in Fig. 1(b).2° The process is accomplished by surface atoms
drifting to the tips as thermodynamics would indicate, as

Many simulations were performed and in the present papointed out by Torrest al*? Once the one-atom constriction
per we discuss two of these simulations and they will bethat separates the two tips is formed, a new process is initi-
referred in the text as simulations | and Il. To study theated. Atoms from only one of the tips start to move to the
evolution of gold nanowires under stress, we considered a seeck, and are incorporated into the one-dimensional chain
of ten planes of seven atoms each, oriented initially along théhat grows as long as five atoms from apex to apex, with
(111) growth direction. The periodic supercell had an initial three suspended atoms. The details of the neck formation are
lengthL,=24.0 A along the tube direction. After one ther- presented in Fig. 2. A defect structure, shown in Fig), s
malization cycle, as described above in the Sec. Il, the initiatesponsible for the development of the neck. This defect
configuration attained a cylindrical final geometry with the structure is composed of two interstitial atomsarked in a
external atoms reconstructing into a densely packed strudifferent color in Fig. 2a), close to the axis of the wiyaear
ture. After this thermalization procedure, we repeated cyclea six-atom rindalso in a different color in Fig.(@)], plus an
where the wire was elongated by 0.5 A, the temperature wasxternal atom[again, marked in a different color in Fig.
increased to 400 K in simulation | and to 300 K in simulation 2(a)]. These defect atori§ig. 2(b)—the relevant defect at-
Il , and the system was annealed for 4000 MD stebps oms will always be highlighted in Figs(l®—2(g)] rearrange
until a temperature of approximately 30 K was reached. Thishemselves into a four-atom ring plus a five-atom rifdp.
cycle was repeated until the rupture of the wires. 2(c)]. The five-atom ring, being more unstable than the four-

Simulation | is discussed using six selected shapshots aftom one, further evolves into a two-atom and a three-atom
the evolution of the wire displayed in Fig. 1. As can be seerstructurg Fig. 2(d)]. A structure similar to a two-dimensional
from Fig. 1(a), the wire tends to become hollow as it is ladder developgFig. 2(e)], finally forming the one-atom
pulled, which is caused by the motion of atoms from theconstriction of Fig. 1b), which is also shown in detail in Fig.
center of the wire towards its surface. As a consequence, th#&f). The one-atom constriction starts to grow, forming a
seven-atom planes are transformed into six-atom ringsone-dimensional wire, incorporating more atoms into the
stacked along the tube axis, as can be seen in K@. 1 one-atom-thick necklace, as can be seen from Figg—1
(Lw=25.5 A). In this configuration, the Au atoms form a 1(e). This one-atom chain shows an apex lateral movement,
tube which is essentially a fold€d11) sheet, similar to what during its dynamical evolution, similarly to the
happens in carbon nanotuf@sExperiments reporting hol- experiments? Finally, the breaking of the nanowire occurs

A. TBMD—dynamical evolution
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FIG. 3. Atomic configurations of a gold nanowire at selected
elongation stagegsimulation 1)), obtained through tight-binding
molecular dynamics simulations. The configurations presented cor-
respond to the following wire length¢a) 26.0 A, (b) 36.5 A, (¢)

38.0 A, (d) 40.0 A, (e) 40.5 A, and(f) 43.5 A.

a general feature of this type of evolution. As a consequence,
the seven-atom planes are transformed into six-atom rings,
stacked along the tube axis, as can be seen in Fay. B

Fig. 3(a one can see a narrow section with a four-atom ring.
A distortion leading to the narrowing of the wire develops at
this point. As the wire is pulled a planar four-atom structure
develops connecting the two wire leads. The rearrangements
that occur in the evolution leading to the structure of frame
constriction is detailedsimulation ). It shows the defect structure "g(c) are deta".eq n F.Ig' 4. The result is the formation of a
responsible for the neck formation, and its evolution, frauy ~ N&TTOW constriction with one suspended atom attached to two

=27.0-33.0 A. The configuration ita) shows the defect structure AU atoms from the two leads. Figuréd3 shows the incor-
(highlighted in a different color two interstitial and one external Poration of a second suspended atom. Figues shows the
Au atoms surrounding a six-Au-atom ring. The evolution of this third atom incorporated and also displays the one-atom wire
defect structurgb) is depicted from framéc) to frame(g). This ~ sideway movements, as the wire grows with incorporation of
final frame corresponds to the one-atom neck displayed in Fiy. 1 more atoms. Figure(8 shows the wire just after its break-
(the relevant defect atoms are always marked by a different)coloring.
The evolution of the wire in Fig. 3, from frameb) to (c)

when, atL,,=41.0 A [Fig. 1(f)], there is a sudden increase is displayed in detailed form in Fig. 4. In Fig(a} the atoms
of one of the bond distances from a value-oB.1 A to a  responsible for the rearrangements are marked in different
value close to 4.3 A. Further pull of the wire simply in- colors, and their evolution can be followed. Two of them are
creases this distance. It is worth mentioning that when thattached from the left, to two other atoms that make the side
necklace breaks, the atomic structure of the unstable tip ief a stable hexagon. As the stress builds up, it is released by
similar to the other one. Therefore, it can be said that theearrangements of these three atoms that are not in symmetri-
wire will only break after the tips attain a rather stable struc-cal positions. First the one on the right rearranges to become
ture. Before this configuration is reached, the system preferthe right tip[Fig. 4(c)]. The top defect atom moves in order
to move the atoms from the less stable positions in the tigjo become the tip of the left ledéig. 4(c)]. Therefore, these
towards the neck, rather than breaking the wire. This behawwo atoms move to become the tips of the left and right
ior is similar to what has been recently reported by Rubiodeads, respectively, whereas the third atom is the one that
Bollinger et al 33 stays suspended connecting the two leads as seen in(Big. 4

Simulation Il is discussed using six selected snapshots aind also Fig. &). When we compare the neck formation in
the evolution of the wire displayed in Fig. 3. As can be seersimulations | and Il we note some general featurfds:In
from Fig. 3a) (Ly=26.0 A), the wire tends to become hol- both cases, the constriction started to form in a region where
low as it is pulled, which is caused by the motion of atomsthere were two defective rings, one with five and one with
from the center of the wire towards its surface, similarly tofour atoms.(2) The subsequent evolution of the wire from
the evolution of the previous simulation, showing that this isthis point on were not exactly the same; however, both were

FIG. 2. Atomic configurations of a gold nanowire at selected
elongation stages where the dynamical evolution of the one-ato
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b) ©=0

.:?’.?.,.

FIG. 4. Atomic configurations of a gold nanowire at selected
elongation stagegsimulation 1), obtained through tight-binding
molecular dynamics simulations. The dynamical evolution of the
one-atom constriction is detailed. It shows the defect structure re-
sponsible for the neck formation, and its evolution, frdny,
=36.5-38.0 A. The configuration if® shows the defect structure
from Fig. 3b): the three atoms involved in the process are marked
in different colors. The evolution of this defect structure can be
followed in the sequence depicted from fratbeto frame(e). This

final frame corresponds to the one suspended atom neck displayed

in Fig. 3(c). FIG. 6. Stability of the nanowire tips. The tips, before and after

. . breaking, show highly symmetric and stable structiitas (b), and
dictated by the general trend of exposifig ) surfaces(3) (c) refer to simulation | andd), (e), and(f) refer to simulation IJ.

Once hexagonal-like structures are formed at the tip, they, (@) and(d) the whole tips are shown, whereas( and () the

tend _to be rathe_r stable. . . . cluster layers forming them are presented. Finally(dnand (f) a
Prior to breaking, both simulations show rather symmetri-grench-hat-like structure is shown.

cal tips. They vary slightly, but in both cases they are termi-

hations Of(;ll) planes Sh"’.‘”ng atomi&ig. 5). The tips can colored atoms in Figs. 5 and 6. Figure 5 displays the struc-
b? wewed n tWO. ways, either as clusters stacked.along thﬁjre of wires of simulations [IFig. 5@)] and ll[Fig. 5b)]. In
wire's direction(Fig. 6) or also as a merger of two pieces of both cases, the one atom thick wires evolve to a structure as
(111) sheets(two hexagonal structurgsrepresented by the long as five atoms. The Au-Au distances get as long as 3.1 A
in both simulations, distances much shorter than some of the
observed experimental valugs* As we will show in the

9.3 z,g\\—::%,: discussion ofab initio calculations repeated for these wires,
) {.g_g\z,‘ all calculations with pure Au atoms fail to give longer Au-Au
2.76—> ) «—2.77 bonds. ) .

| +—2.67 One can further understand the stability of the Au tips
2.93— || with the aid of Fig. 6, where the tips from simulatiofHigs.

7 «—3.07 6(a)—6(c)] and simulation II[Figs. §d)—6(f)] are shown.
2.67—>" Figures §a) and Gd) show the tips of the two structures

prior to the breaking of the wires. Figuregb® and Ge)
present exploded views along the Au wire direction, showing
how the tips are formed out of rather stable Au clusters that
are nicely stacked on top of each other. From the thick por-
tion of the tip and moving towards its end, both tips start
with a symmetrical six-atom ring, very similar to the others
FIG. 5. Structures of the nanowires just before breaking, showthat make the wire. On top of it there is a rotated six-atom
ing the details of the one-atom-thick neckla. Simulation I.(b) ~ ring, which distorts in order to accommodate either a four-
Simulation II. All the bond distances are in A, atom kite-type structure, as occurs in simulation I, or a three
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Force (nN)
Force (nN)

FIG. 7. Calculated pulling force acting on the Au nanowire for
selected stages of simulation I. Arrows with associated configura:
tions correspond to major structural rearrangements of the wire.

atom line, as in simulation Il. Finally, a dimer terminates
both tips, which is the place where the one-atom chain i
attached. In Figs. (6) and Gf) the whole tip structures are

two terminating(111)-like planes. In Fig. &), four atoms
join two hexagons terminating the tip for simulation I,
whereas in Fig. @) the trimer and dimer discussed above
[Fig. 6(e)] are shared by the tw@l11)-like planes, closing
the tip as “melted” hexagons. The two tips are very sym-
metrical and rather similar, both sharing atoms at the termi
nation point in order to end the wire witfi11)-like planes.
One of the interesting aspects of the evolution of these
nanowires can be observed by an analysis of the applied
forces. From the total energies of the final configuration of
each elongation stage, these forces were estimated. Similar to
recent studies of mechanical properties associated with the
formation mechanisms of atomically thin Au nanowiras,
we observe that the dynamical evolution of the nanowires
correspond to elastic stages followed by sudden structural
relaxations, which are reflected in a sawtooth behavior of the
pulling force acting on the wires, as can be séém Fig. 7
for simulation I, and in Fig. 8 for simulation Il. From the
insets in these figures, it can be seen that the elastic stages
correspond to the building up of stress mostly due to the
increase of the interatomic distances. The force relaxations,
on the other hand, correspond to either concerted rearrange-
ments of the atoms, mainly at the defective part of the wire,
as previously depicted in Fig. 2 for simulation | and Fig. 4
for simulation Il, or to the insertion of a new atom into the
chain, after the one-atom constrictions were formed. We ob-
tain a value for the applied force right before the breaking of
the nanowire around 2.2 nN for simulation I, and 1.5 nN for
simulation 1l. These results are in good agreement with the
experimental valu€ of 1.5+0.3 nN.
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FIG. 8. Calculated pulling force acting on the Au nanowire for
selected stages of simulation Il. Arrows with associated configura-
tions correspond to major structural rearrangements of the wire.

atoms is so smal(two neighbory that MD with effective
> potentials, like Gupta type potentials fitted to bulk properties,
re not reliable. For this reason, we have used the much more

. accurate TB formulation, as described in Sec.
displayed, where colored atoms are the ones shared by ﬂ&%tail

Il in great

However, as the TB is also fitted to reproduce bulk

properties, it would be highly desirable to compare the TB
results with fullyab initio calculations. We have, therefore,
performedab initio DFT calculations, as described above,
for some structures obtained from the TB simulation I. In
Fig. 9a) we show the TB configuration fdr,,=40.5 A an
elongation 0.5 A shorter than the critical breaking size. This

\&?

%
‘as
/‘\;\l{.

2.66

<

2.75

FIG. 9. Nanowire atl,,=40.5 A. Structure(a) is from the

B. DFT—breaking wires using first principles

TBMD simulation. Structurgb) is the same structure after a

_ _ initio relaxation of the forces using the LDA. Structuf® The
Nanowires are extremely different from bulk metals, andsame structure after ab initio relaxation of the forces using GGA.
in particular for one atom thick wires, the coordination of Au All displayed distances in A.
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TABLE IlI. Interatomic distances for atoms in the neck of struc-
tures of Fig. 10, and the breaking forces. PW is the same result as
structure B(rupture calculated with VASP.

Structure 1,2 2,3 (3,9 4,9 F (nN)

A 2.64 2.62 2.62 2.63
B 2.94 2.93 2.96 2.89 1.9
PW 2.75 3.12 2.75 2.85 14

_FIG. 1_0_._Fina| stages of evolution e_tnd breaking of a ngnowire(ca"ed structure A from now onbut from a different per-
u_smgab mmp _c_alculatlor)s. Structure Ais frqm the TBMD simula- spective. As can be seen, the gold atoms at the neck form a
t[IOI’l aftgrab |n|_t|o relaxatlor_w of thg forces us_lngSTA Struct_ureB zigzag configuration, as has been reported previously by
is obtained prior to breaking usingESTA (distances are given in other group§.4 In Fig. 10 we also show the structure prior to
breaking (called structure B from now gnand as can be
seen, the zigzag configuration is not present anymore. The
distances between the neck Au atoms, which are labeled
from 1 to 5 in Fig. 10, are presented in Table Il. As can be
structure was fully relaxed using thab initio methods de- seen, the Au-Au distances right before the wire’s rupture are
scribed above, both at the LDJFig. 9Ab)] and GGA[Fig.  all similar (between 2.9 and 3.0)AMoreover, the maximum
9(c)] levels. As can be seen from Fig. 9, the overall structuradistance obtained in this case was3.0 A. This result is
is very similar in all cases, with very slight changes in thesimilar to what we have obtained before in our TB simula-
bond lengths at thab initio level (the bond lengths are very tion 1,%® as discussed in Sec. II, and similar to other theoret-
similar for the GGA and LDA calculationsvhen compared ical results*? This is in good agreement with both the results
to the TB result. of Takai et al*® and the position of the first peak in the

Besides this confirmation that the nanowire structurahistogram of Au-Au distances in Ref. 15. Besides the DFT
properties, prior to the rupture, are well described at the TRalculations using localized basis $8tESTA code, we have
level, it is fundamental to make sure that the breaking is als@lso performed some calculations using a plane WaW)
being well described. Thus, the structures from Fig. 9 werdasis sefwe have performedb initio calculations, based on
pulled (by increasing the size of the supercell along thethe DFT within the GGA approximatiotl, with ultrasoft
wire’s length all the way up to their ruptures, with the forces pseudopotentiafé and a plane wave expansion up to 180 eV,
being relaxed at each elongation. For both the LDA andas implemented in theasp code?® All other approximations
GGA calculations, the breaking of the wire occurred withwere the same as in th&ESTA calculation$. The Au-Au
similar bond distances as in the TBMD. This gave us confi-distances for the neck atoms obtained in this latter case, also
dence in the good parametrization of the TBMD. As men-prior to the rupture, are shown in Table Il. As can be seen,
tioned above, the required forces to break the nanowireghe distances are somewhat smaller than in the localized ba-
right before their rupture, was 2.4 nN for the LDA and 1.9 sis set calculation, except for the Au-Au bond that broke,
nN for the GGA. The corresponding value at the TB levelwhich had a maximum distance of approximately 3.1 A. All
(simulation ) was 2.2 nN. The fact that this result is similar these results strongly indicate that, in pure Au nanowires
to the LDA value is consistent with the TB parametrization.under tension, the limit for the Au-Au breaking distance is
The experimental resdftfor this force is 1.5-0.3 nN. Since  somewhere around 3.0-3.1 A. Finally, in Table Il we also
both the LDA and GGA calculations give very similar struc- compare the breaking force for the PW and localized basis
tural properties at the rupture point, but the GGA gives aset calculations, and see that the PW result is smaller, and
better value for the force, when compared to the experimeneloser to the experimental value. This suggests that, in order
tal result, further analysis will be presented only for the GGAto have a very precise quantitative agreement, a well con-
approximation. These results are in good agreement witlkerged PW approach is recommended. However, the overall
previous calculations of the breaking forcesSn&aez-Portal behavior is well described in both cas@sd also in the TB
et al** report a value of 2.2 nN for a LDA calculation, calculation$, specially the maximum distances.
whereas Rubio-Bollingeet al3 report various calculations In Fig. 11 we show contour plots for the total electronic
at the GGA level, and obtain values between 1.6 and 1.7 nNcharge density, in a plane that passes through all the neck
They mention, however, that the final results depend on thatoms(region | of Fig. 10 of structure A. A metallio/delo-
exchange-correlation functional used in the calculationscalized bonding character can be clearly seen, both along
when they used the RPBE approximafidthey obtained a the neck atoms, as well as between the neck atoms and the
force of 1.4 nN. Ribeiro and Coh&hobtained recently, us- tips, as inferred from the two inset figures in Fig. 11.
ing a LDA approximation, a value of 2.5 nN. Finally, Kruger A similar analysigFig. 12 for the wire prior to its rupture
et al?* obtained a force of 1.4 nN when breaking a wire (structure B, shows that the bonding character remains simi-
produced by pulling an organic molecules attached to a Adar during the evolution of the wire. However, there is a clear
surface. decrease in the electronic density between the Au atoms, as

In Fig. 10 we present the same structure from Fi@) 9 expected. Even though it is not very clearcut, it is possible to

types of atoms; |, single atom neck; I, tips; IIl, bulk wire. Atoms at
the neck are labeled 1-5.
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1
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FIG. 13. Projected DOS for the two stages of evolution of the
wire depicted in Fig. 12(A) relaxed structurgB) structure prior to
breaking usingab initio calculations(a) Bulk Au. (b) Contribution
from atoms in region I(c) Contribution from atoms in the region Il
(tip). (c) Contribution from atoms in region Il(“bulklike” ).

ergies. This is even more so prior to the wire’s rupture, where
one can see that the DOS becomes sharper, with a clear peak
right below the Fermi energy.
. . . . In Fig. 14 we detail the projected DOS from region I,
see from Fig. 12 that there is a decrease in the eleCtron'ﬁresenting the contribution of each neck atdabeled 1-5
density between the two Au at(_)ms_where the wire will breaki, Fig. 10. As can be seen once more, the coordination de-
(atoms 3 and 4 of structure B in Fig. 10 termines the peak positions. Atoms 2, 3, and 4, which have
To gain a better insight into the electronic structures of theomy two neighbors, have an overall shift of their projected
Au nanowires, in Figs. 13 and 14 we present projected denhgg towards higher energies, when compared to atoms 1
sity of states(DOS). In Fig. 13a) we show the density of 54 5 Moreover, as atom 5 has four neighbors, whereas
states for bulk Au, and in Figs. 13, 13(c), and 13d) the  51om 1 has only three, its projected DOS is shifted towards
DOS projected on the atoms of regions |, Il and Ill, respecgyer energy values. As the wire is stretched towards its
tively, for both structures A and BFig. 10. As can be seen, breaking length, the overlap between the Au atoms decreases
the atoms in region Il have an electronic structure alreadyys the Au-Au distances increase. This is reflected in the

quite similar to the bulk. The somewhat small diﬁerencessharpening of the projected DOS of the neck atoms, but
can be attributed to the different number of nearest ”eighmaintaining their relative energy positions, as above.

bors. In fact, the projected DOS of Fig. 13 indicate that, as |t \ve consider the contribution of atoms 2, 3, and 4 to the
the number of nearest neighbors increases from region | tBrojected DOS at the Fermi level, we obtain 26%haracter,
region Ill, there is an overall shift towards lower energies. 394 character, and 61% character for the initial configu-
While the tip DOS(regions 1) are not very different from  ation (structure A, whereas upon stretching these numbers
the_bulk result, the neck atoms DQ&gion ) are cl_early change to 69%, 4%, and 26%, respectividiyucture B. As
distinct. They are much narrower, and located at higher engan, pe seen, the character of the contribution to the DOS at
the Fermi energy, for the neck atoms, shifts from a nthin
character to a strongercontribution. For the DOS peak at
=0.5 eV [Fig. 14b) for structure B, right before ruptufe

FIG. 11. Contour plots for region | of the wirestructure A
depicted in Fig. 1Qdistances are given in Table).ll

1

S 2D

30 40 3.0 2.0 -1.0 0.0 1.0
Energy (eV)

O P ANOONN B RNOOD
-

FIG. 14. Projected DOS for the five atoms in region I, corre-
sponding to the one-dimensional neck, for the two stages of evolu-
tion of the wire depicted in Fig. 18) presents the contributions of

FIG. 12. Contour plots for region | of the wirestructure B each atom for structurA), and (b) presents the contributions of
depicted in Fig. 11(distances are given in Table).ll each atom structureB).
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the s, p and d contributions are 13%, 0%, and 87%or  initio calculations—LDA or GGA—and also was indepen-
atoms 2, 3, and }4 respectively, which indicated that this dent of the basis set used—Ilocalized or plane wave basis

peak has a very strong d character. sets. We further study the bonding character of the Au neck
atoms, and detail it in terms of the projected DOS, namely,
IV. CONCLUSIONS AND PERSPECTIVES the contribution of each individual neck atom to the elec-

) . . ) . _tronic structure. In particular, we show how the number of
This paper shows that TBMD simulations, in conjunction negrest neighbors influences the behavior of the electronic
with first principles DFT calculations, can throw some light states for each one of these atoms, and how this changes as
into the problem of formation, evolution and finally breaking the wire is stretched. We believe that the results presented

of metallic nanowires. Our work has been focused on Auhere will be useful in the analysis of experiments on(and
nanowires, but the procedures considered here can, and aginer metallig nanowires.

being used to study other nanowires. We have shown that the Finaly, as already mentioned above, the fact that the pure
evolution of Au nanowires under stress are well described byyires always break with a maximum Au-Au distance on the
the finite temperature TBMD simulation procedure. As agrder of 3.0-3.1 A leaves as an open question the cause of
general feature of our simulations, the wires first reconstructy,g large Au distances=~(3.6 A) observed experimentally.
with a migration of internal Au atoms of the wire towards the os we pointed out in Sec. I, these large distances have been
surface, producing single wall nanowires which are, basixttributed to light atoms impurities that afenintentionally
cally, a(111) sheet folded into itself. The wires that emergenserted in between two Au neck atoms. We recéftiyud-

are stacks of six-atom rings, reproducing a single wall wirgq the effect of a variety of impuritieé@amely, H, B, C, N,
similar to the one proposed by Kondo and Takaydh® 0, and $ in the rupture of Au NWSs, using aab initio
explain their TEM images. The constrictions that eventuallyyrgcedure similar to the one described here, and we have
evolve to make the one-atom-thick wire start from defecishown that H seems to be the best candidate to explain the
structures that are formed during the dynamical evolutionypserved distances in the range of 3.6 A. However, a more
that leads to the formation of the single wall NWs. Theseextensive and detailed study, where properties beyond inter-
defect structures become very thin, as thin as one atom coRyomic distances are investigated, such as the effect of these
strictions connecting the two thicker tips. Due to futherimpurities in the electronic structur@.g., projected DOS
stress, the constriction starts to pull atoms from the thicke{,guid also be of great importance to better understand the

tips and incorporate them into the one-atom-thick wire,,roperties of NWs. Such a study is currently underway, and
which is thus increased, getting as long as five atoms. Thig,e expect to report about it in the near future.

process continues and is a balance between elastic tensions
and structural relaxations due to incorporation of atoms to
release stress. The process of incorporating more atoms con-
tinues until the tips become very symmetrical and stable,
then, as the tension grows to values larger than a critical The TBMD code was developed by Florian Kirchhoff as
force (experimentally determined to be1.5+0.3 nN), the part of the Computational Chemistry and Materials Science
wire breaks. We have also shown that, starting with a struc€omputational Technology Are@ CM CTA)’s contribution
ture from the TBMD simulation, at an elongation 0.5 A be-to the U.S. Department of Defense CHSSI program. The
fore the breaking point, and using first principles calculationssimulations were performed at the National Center for High
to study the evolution of the final stages of this wire, wePerformance Computing in 8&Paulo(CENAPAD). We ac-
obtained similar results to the TBMD. The wire breaks with knowledge support from FAPESP. Partial support was pro-
Au-Au bonds at values similar to those in the TBMD. Purevided to E.Z.S., A.J.R.S., and A.F. by CNPq. F.D.N acknowl-
Au nanowires show the largest Au-Au distances to be someedges support from CNPg. We would also like to
where around 3.0-3.1 A in both caggisis result was inde- acknowledge fruitful discussions with D. Ugarte and V. Ro-
pendent of the exchange-correlation potential used irathe drigues.
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