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Structure and stability of finite gold nanowires
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Finite gold nanowires containing fewer than 1000 atoms are studied using the molecular-dynamics simula-
tion method and the embedded-atom potential. Nanowires with a face-centered-cubic struct(télznd
oriented cross section are preparedrat0 K. After annealing and quenching, the structure and vibrational
properties of nanowires are studied at room temperature. Several of these nanowires form multiwalled struc-
tures of lasting stability. They consist of concentrical cylindrical sheets, and resemble multiwalled carbon
nanotubes. Vibrations are investigated by diagonalization of the dynamical matrix. It is found that several
percent of vibrational modes are unstable because of an uncompleted restructuring of initial fcc nanowires.
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Clusters and wires characterized by nanometer length In this work, structural and vibrational properties of finite
scales are constituents of nanocrystalline materials and comu nanowires are investigated. Several wires containing
ponents of nanoscale electronic devices. These nanostrutem 386 to 991 atoms are studied B+ 300 K. The MD
tures show physical and chemical properties different fromsimulation method, based on a well-tested embedded-atom
the bulk. Metallic nanowires are usually fabricated usingpotential, is used to produce nanowires. Vibrations are stud-
electron-beam lithographyScanning tunneling microscopy ied by diagonalization of the dynamical matrix. The tight-
experiments recently gave us a way of producing nanostrudinding MD method was recently applied in a study of finite
tures. In these experiments formation of metallic nanoconcarbon nanotube’$. The MD method was also used for the
tacts between the tip and the substrate was obsérfed. Calculation of several properties of infinite wires, where pe-
such nanowires, a quantization of the conductance wadodic boundary conditions were applied along the wire axis.
found. It was shown that similar nanowires are formed bef0r exampleab initio MD simulations of infinite Si wires

tween two vibrating macroscopic wires in contadthe for-  Were used in studies of the optoelectronic properties of po-

mation of nanowires and their physical properties, such a%y;ous silicon>® Ab initio simulations were also applied to ana-

the electrical conductance, are influenced by elastic, stru yze the growth mechanisms for boron-nitride nanotufes.

o . o nfinite carbon nanotubes were investigated by classical and
tral, and vibrational properties of the materials mvolved.ab initio simulations'® The melting behavior of thin, infinite

These properties are also important for applications. Elastiigb wires was studied by a classical MD simulatfas well
instabilities of metallic nanocontacts were already studied b¥as mechanical properties of the SjSeires under straif A

molepular-dynam|c$MD) simulations’*** i . recent classical MD study of Pb and Al ultrathin infinite
It is well known that bulk gold crystallizes in a face- \je5 4tT=0 K has shown that several unusual structures
centered-cubic lattice. Several studies have shown that ic0Sgpnear, for example icosahedral and helical fotfris. com-
hedra are preferred structures for small metallic nanoparyarison with all these infinite wires, finite metallic structures
ticles (<5x10° atoms."® Metallic nanowires do not form  sydied here represent the smallest nanowires obtained in the
spontaneously under cluster preparation conditions. Thighoratories. In addition, from a theoretical point of view, a
shows that their cylindrical structure is artificial and lessfinite nanowire is a special version of a cluster whose prop-
stable than an icosahedral shape of metallic clusters. In laberties deserve investigation.
ratories, under special conditions, nanowires of gold and Experiments have shown that formation of nanowires is
other metals are prepared, and their cylindrical shapes seepronounced for gold=3 In this work the MD simulation
to be rather stable. Nevertheless, these nanowires shoubdethod is used to prepare gold nanowires. It is well known
transform into more stable structures on a time scale at whicthat when classical many-body potentials of the embedded-
substantial mass transport could occur. Depending on thatom type are used in simulations, a satisfactory description
number of atoms, the most stable structure is either a fcof metallic bonding is obtainetf. In this simulation such a
crystal or an icosahedral nanoparticle. Therefore, it is impormany-body potential for gold was employ&tThis potential
tant to analyze the properties of nanowires on various timavas chosen because of its proven accuracy in various MD
and length scales to understand the effects of an imposegimulations for bulk, surfaces, and clusters.
cylindrical geometry on their internal structure and stability. These simulations started from crystalline nanowires with
These properties are difficult to study experimentally. Re-a fcc (111)-oriented cross-section @=0 K. Nanowires
cently, special gold nanowiré$nanobridges”) were formed were prepared in an ideal fcc structure by including all par-
by electron-beam irradiation of a gol®01)-oriented thin ticles whose distance from the nanowire axis is smaller than
film.1! The structures of these nanowires, which are induceé@ chosen radius. A basic cylindrical MD box consisted of
and stabilized by the substrate, were investigated by electroN,=12 layers. A cross section with the maximal radius of
microscopy. The study of the properties of free nanowires i9.9 nm was used. The total number of moving particles in
even more demanding. In contrast, computer simulations aréis MD box was 386. Laterally larger nanowires having
suitable for such investigations. radii of 1.2 and 1.4 nm were also studied, as well as nano-
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wires withN,=18 and 24 layers. The prepared ideal samples w s N *‘2&;“:‘ %",
were first relaxed at =0 K. Then MD boxes were heated to a:-»::;“%%‘f“ T e et &
600 K. This was followed by a quench To=0 K and heat- 3;3;%@:&*“1’ ‘:"' w@}‘;*n
ing to T=300 K. In this procedure no substantial change of * ”‘; %ﬁw - :';{::;,,-
the cylindrical shape of nanowires was observed, either with £ e D) fi
the temperature or during time evolution. Initially, heating to -4 ”‘kwﬁ‘?ﬁaﬁﬁw )
600 K was done, although a proper simulated annealing and . s o i 3
guenching technigue used in the simulation of metallic clus- o 5 {f@?‘ e £
ters requires higher temperatures@.75 of the bulk melting “zg&'f s
temperature, i.e., 1000-1100 K for gnldhis was done to S Q&:; R
prevent melting and collapse into a drop, but to give the @.-ffM b Q’gﬁ;‘j‘;%
atoms a possibility to find some local minima while keeping ﬁ‘gﬁ %-&M -2

the cylindrical shape of a nanowire. A similar kind of a con- § oot ‘;“,j:’: w.?”‘gi
strained dynamical evolution of atoms should also occur for o §:€‘;&%4‘%§ o Sk
fabricated nanowires. Otherwise, under real equilibrium con- “a ;’ff’?s;‘w zk',,ag
ditions depending on the number of atoms, fcc or icosahedral L '«;@'*w,,g; f« ¥
structures appear. A time step of 7:40 1° s was used in o %: %W’b ., . %‘%
simulations. Long runs of f0time steps(i.e., 7.1 n$ were *‘“;iwﬁ - %g”&
performed to check the stability of the structures. It was fl@fiﬁ%??"
found that the procedure used for heating and equilibration nﬁfﬁ &M ﬁa,y“;"“, _; (a)

of nanowires gives good results. Structures of lasting stabil-
ity were obtained. The shapes of these finite nanowires after
guenching were also compared with infinitel1)-oriented
gold wires with similar cross sections. In these infinite wires,
periodic boundary conditions were applied along their axes.
Apart from slightly rounded ends for smaller finite wires and
more disordering along the vertical direction for all finite
wires, no other differences in external shapes of MD boxes
were found at investigated temperatures.

As a result of simulation af =300 K, several multi-
walled cylindrical structures were obtained. This can be seen
from Figs. 1 and 2. Although a multiwalled structure already
exists after 10 time steps, to check its stability the simula-
tion was carried out up to f(limg steps. All multiwalled FIG. 1. Nanowire of 588 atoms, with length 4 nm and an aver-
structures are preserved on this time scale. In the Cross segge radius of 0.9 nm, after a simulation time of 7.1 (a: side
tions presented in Fig.()) the hexagonal symmetry of the yiew; (b) cross section. The trajectory plots refer to a time span of
fcc (111) surface, which existed in an initial sample Bt  ~7 ps, and always include the total thickness of the whole MD
=0 K, is replaced by the rings. The curved sheets form theox.
concentrical walls of a nanowire. The central core is sur-
rounded by the three coaxial cylindrical shells. The walls ofally carried out up to very long time of:81C° time steps
these shells, i.e., the curved sheets, are disord€igdi(a)]. (21.3 ng. It was found that multiwalled cylindrical structures
Figures 1 and 2 show that the “caps” at the ends of aare preserved. However, betweenxi® and 2x<10° time
nanowire are flat, and that the angle between these flat part$eps, nanowires start to rotate about their axes. For a very
and the lateral wall is nearly 90°. This is in contrast to thelong simulation time the mass transport within the wire goes
multiwalled carbon nanotubes usually capped with semiin a direction that changes its moment of inertia and the
spheres, or polygorfs.However, it was found that the gold angular velocity. The interplay of rotation and vibrational
nanowire with the smallest number of atoms has roundegroperties of nanoparticles is rather involved, as shown, for
caps and smooth edges between the cap and the lateral wadkample, for vibrations of rotating cluster by Jellinek and
Other larger gold nanowires possess flat ends, such as thosg?* The simulation time of 1Dtime steps (7.1 nsis al-
shown in Figs. 1 and 2. These flat caps, as well as the edgesady much longer than an average simulation time in other
between them and lateral walls, are disordered on the atomiD studies of clusters. Therefore, the approach of Ref. 25,
scale. It was found that the formation of multiwalls becomeswhere the analysis was stopped before noticeable rotation
less pronounced when the radius of the nanowire increasewas detectable, is taken. The rotation of nanowires certainly
For example, in two nanowires witR=0.9 nm, three shells also has some structural consequences. Centrifugal forces
are formed, whereas in a nanowire witls 1.2 nm only two  make the wall structure more pronounced. The formation of
cylindrical walls exist. All nanowires are internally filled. a multiwalled structure depends on the specific size and ge-
The “Russian dolls” arrangement for carbon nanostructurespmetry, i.e., the radius and the length for a particular nanow-
both clusters and wires, was recently the subject of manyre. Nanowire of radius 1.4 nm and length 2.7 nm changes
studies?>??> Multiwalled cylindrical forms were also found toward an icosahedral structure. The initial structure of this
for the layered crystals of WSand Mo$.? In order to  nanowire was untypical: the diameter was slightly (0.1) nm
check the stability of these structures, simulation was actularger than the length. Therefore, such an evolution from a




15414 BRIEF REPORTS PRB 58

T T T T (a)
5000 T T T T T T
1.4 | .
. 4000 - b
2
12 | i <
8 3000 .
s
>
1.0} i § 200.0 | 1
g
c
i~ = 100.0 - .
< o8t} -
a 0.0 1 1 1 1
2 0.0 1.0 2.0 3.0 40 5.0 6.0
[ v (THz)
Q06| .
(b)
5000 T T T T T T
0.4 :
~ 400.0 b
o
z
=]
0.2 . 8 300.0 .
s
2 200.0 1
0'0 1 1 1 1 Ig L
0.0 2.0 4.0 6.0 8.0 10.0 £
r (A) — 100.0 b
FIG. 2. The density plot for a nanowire shown in Fig. 1. A . L
shapshot of the morphology is included. 0.0 1.0 2.0 3.0 4.0 5.0 6.0

v (THz)

cylinder to an icosahedar is not surprising. Other nanowires F|G. 3. Vibrational density of states for nanowires of radRjs
with a diameter smaller than the length are multiwalled, andength L, and number of atoms: (8) R=0.9 nm,L=5.4 nm,n
remain in their cylindrical forms. =784.(b) R=1.2 nm,L=2.6 nm, anch=689.

Vibrational modes of nanowires were investigated by di-
agonalization of the dynamical matrix. The averaged coordimodes are shown in Table I. A similar instability of vibra-
nates of atoms obtained in the MD run were taken as amtional modes(so-called soft phonons witk?<0) was dis-
input. The elements of the force-constant matrix for the pocussed for surface reconstructéand displacive transitions
tential used were calculated. Then such a matrix was diagadn crystals?® The presence of a small number of such modes
nalized. In this way the vibrational frequencies were foundfor nanowires is a sign of their uncompleted structural evo-
and from them the density of states was obtained. The calution. Similar morphological changes between different
culated spectrum was smoothed by convolution with asolid phases on a rapid time scale were recently discovered
Gaussian function. Vibrational densities of states for twoin small CdSe nanocrystafs.
nanowires after 10time steps are shown in Fig. 3. The  In summary, MD simulations and lattice-dynamical calcu-
values of maximal frequencies and the shapes of densities tdtions for several finite gold nanowires at room temperature
states do not change substantially in time. The frequencwre presented. The interactions were described by a realistic
peak at~3.5 THz becomes more pronounced when the raembedded-atom potential for gold. Vibrational properties
dius of a nanowire increases. The maximal frequencies wereere investigated by diagonalization of the dynamical ma-
found to approach 6 THz. The phonon-dispersion relationgrix. It was found that cylindrical shapes with a multiwalled
for the fcc bulk gold were measured by neutron scatteringstructure were preserved after a long simulation time of 7.1
and the vibrational density of states was calculated using the
fitted force-constant modef§ It was found that the maximal TABLE |. Time dependence of the number of unstable vibra-
frequency is~4.7 THz. Therefore, the maximal frequencies tional modes for two nanowiren percentage of the total number
calculated here for cylindrical multiwalled nanowires areof modes. NanowireA has a radiuR=1.2 nm, a lengti.=2.6
higher than for the fcc bulk lattice. Figuret8 shows that M, and a number of atonts=689, whereas for nanowir the
the structure of two peaks, present in the bulk density offimensions initially areR=1.4 nm, L=2.7 nm, andn=991.
states of golas and most fcc metals, appears for gold nanow-Nanowire B after_ 16 time steps evplves _toward an |cos_ahedral
ires containing less than 700 atoms. However, the peaks O%rugture). Nanowire A and all other investigated nano- wires are
not have the same size and shape as for the fcc bulk golgtuliwalled.
The peaks in Fig. ®) are shifted to lower frequencies in
comparison with the vibrational density of states of the bulk.
It was found that several percent of the total number of vi- A 1.9 2.1 2.9 1.9
brational modes are unstabliee., for their frequenciesp? B 25 3.2 3.9 3.4
<0). Two examples of a change in the number of unstable

Nanowire/time steps  15010° 200x10° 500x10° 10°
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ns. A nanowire whose initial configuration was such that itsorientations?® Therefore, the layering effects present in
diameter was slightly larger than its length evolved towardgraphite sheets which form carbon nanowfesnd in the

an icosahedral shape. An unusual multiwalled structure ofayered crystals of WSand MoS,?® also exist in gold.
metallic nanowires appears because of the imposed georgince the layering decreases with the distance from the sur-
etry. Some preliminary simulations have shown that a mulface, it is expected that multiwall structures disappear when
tiwalled structure also exists in infinitdd11)-oriented gold  the radius of a nanowire is more than a few atomic diam-
wires with similar cross sections. The potential for gold em-aters. The results of the simulation show that a multiwall
ployed in this simulatiof? was already used in many studies gircture becomes less pronounced when the radius of a
of surfaces and nanoparticles, and a good agreement Wil ,yire increases. A jellium model calculation for the en-

_nérgetics and quantized conductance of finite sodium nano-

e o e POl e Shou Xt Il - wres ecenty appearcLa iscret se of magic wire con
9 figurations was found, in analogy with the shells in other

|(r1‘ 0%)-%Eer?ttggyw(i)rfe§a?rrgjoplg 'ggmtee tw(t)r_ag‘r:gltlh?ée"f‘snﬁe” finite-size fermionic systems, such as atomic nuclei, and me-
structures were fount C:)m u’ter simulations and x-rav re- tallic and 3He clusters. Therefore, the finite size of metallic
‘ P y nanowires increases the tendency toward the formation of

flect.|on stud|e% shown that the liquid-vapor mterface_ of met'multiwalled structures, also present because of the layering
als is layered® The layered structure propagates into the

bulk liquid for a distance of a few atomic diameters. It WaseffeCt'

found that the driving force for such a layering is the varia All these metallic multiwalled wires, as well as similar
9 yering structures discovered in experiments for carbon nanowires

thn_of electron density in the_surface zone_of a métal. and nanoparticle&?? and for WS and MoS,2 show that
Similar phenomena also give rise to contractive surface re-

. . S such multiwalled morphologies might be quite common for
constructions. This type of surface reconstruction is ver P 9 9 q

y .
pronounced in gold. The potential for gold employed in thismaterlals at nanometer length scales.

work correctly reproduces both phenomena: layering at the | would like to thank M. Ilvanda and D.&Stovicfor dis-
liquid metal surfacé! and reconstruction for all surface cussions.
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