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Melting behavior in ultrathin metallic nanowires
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The thermal stability of helical multiwalled cylindrical gold nanowires is studied using molecular-dynamics
simulations. From our simulation, the melting temperature of gold nanowires is lower than the bulk value, but
higher than that of gold nanoclusters. It is interesting to find that the interior melting temperature in ultrathin
nanowires is lower than that of the surface melting. The melting starts from the interior atoms, while the
surface melting occurs at relatively higher temperature. This unique thermodynamic behavior is closely related
to the interior structures. We propose that the surface melting represents the overall melting in ultrathin
metallic nanowires.
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The melting behaviors of nanoparticles and nanorod®f matter states and their relations. For example, the surface-
have been demonstrated dramatically different from the bulkko-volume ratio is a nonzero value in these nanostructures,
both experimentally and theoreticaliy*® It is well known  while it approaches zero in bulk systems. Surface and core
that the melting process of a crystalline starts from the suratoms are expected to play different roles during the melting
face layer and propagates into the interior. Thus the surfacerocess. However, it is difficult definitely to distinguish over-
melting temperature is significantly lower than the bulk melt-all melting and surface melting in clusters from experiments,
ing point. Similarly, one may ask whether the surface meltbecause the cluster’s signal spectrum will not exist when
ing temperature is lower than the overall melting temperaturgurface melting occurs. Alternatively, we may employ an ul-
in clusters and nanowires. Berry considered that “dynamidrathin gold nanowire as a representation to explore these
coexistence” or surface melting occurs in the melting pro-problems.
cess of small clusters before the overall melfirfgor crys- In this paper the thermal stabilities of gold nanowires with
talline nanowires, Gulserest al. found that the surface melt- helical multiwalled cylindrical structures are studied using
ing temperature for Pb wires was also lower than the totamolecular dynamical simulations. We start from optimized
melting temperatur.Experimentally, surface melting was Structures from previous workS which were supported by
observed in the melting process of nanoparticles anglectron microscopy imageé&!’ The interaction between
nanorod$” In particular Schmidet al. found a broad peak gold atoms was described by a glue poterifaind the pe-
in the heat capacity of Na, clusters, which implies a coex- rfiodic boundary condition is applied along the wire axis to
istence of solidlike and liquidlike phases before the overalimodel the nanowires with sufficient length. The length of
melting® Two major effects, a large surface-to-volume ratio Supercell is chosen as the same in Ref. 19, which contains a
and a quantum confinement effect in finite-size systems, ar@_asonable schem_e to attain the helical structures in t_he nano-
responsible for these different melting behaviors in thesavire. To characterize the thermal behavior of nanowires, we
nanostructures. Surface atoms have fewer nearest neighbdR®nitor the root-mean-squatems) fluctuation of the inter-
and weaker binding, which may lead to an earlier surfacétomic bond distances defined by
melting behavior. On the other hand, a close relationship . 5 21/
between the melting and the structural characters was found 2 (ripe—=(ripo)
in the clusterd*1® 6= n(n—1) & ri ’

Recent studies demonstrated that ultrathin metallic
nanowires have quite different structural properties fromand the heat capacit¢ per atom, which is related to the

those of bulk, clusters, and crystalline nanowitf&€3Heli-  energyE fluctuation by the relation
cal multiwalled cylindrical structures were found in metallic

nanowires of the 1—3-nm size range both experimentally and _(E)—(E)?)
theoretically'®~1°?223These structures are expected to bring c= NkgT2

about some bizarre melting features different from the

above-mentioned systems. To our knowledge, fewer effortevherer(i,j) denotes the distance between the nuichidj,

have focused on their thermodynamics so far, although such is the total number of the atoms in the nanowkg,is the

ultrathin metallic nanowires have attracted great inte¥&st.  Boltzman constant, and - - ) indicates the thermal statistical
Furthermore, an ultrathin nanowire has some characterissverages in the canonical ensemble after equilibration.

tics similar to either cluster or bulk solids. It may provide an  The constant temperature molecular dynamid4D)

opportunity for comprehensively understanding these typemethod of Hoove? is employed to exploit the thermal prop-
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FIG. 2. Structure evolution of gold nanowirgl(18-12-6-1

FIG. 1. Morphol f some representativ Id nanowires with .
G orphology of some representative gold nanowires with elevated temperature.

triple shells.

. . . . (see Table)l Wire S1 (as described by a multiwalled struc-
erties of %)Id nanowires. The MD time step is ChoSen ag, o ingex?22318.12-6-1, noted aA5 in Ref. 19 starts to
2.15<10 ** s. The initial 10 steps are used to bring the melt at a rather lower temperature than the other ones, while

system into equilibration, and further 8 8teps are used to _, IE oL . . ; .
record the thermal average of the physical quantities. W%Vwe S4 (21-15-9-4 has a relatively higher starting melting

twudv five reoresentative helical triole-shelied gold nan temperature. Such difference ,; can be related to their
study five representative nhelical tripie-shefied go anOyitterent interior structures. Moreover, sin€g,; is related to
wires with various core structures, i.e., single atom centere

. . ) he stability of the interior atoms, the relatively lower start-
double-chain, triangular, tetragonal, and six-atom- Y y

. . ing melting temperaturg&;,,; implies that the interior melting
parallelogram centergdee Fig. 1L These wires can be noted . . . .
. .~ occurs at an earlier stage of nanowire melting. It is worth
asSl, S2, S3, $4, andS6. Table | summarizes the starting J g

lting t ura dth Il melting t i noting that the overall thermal stabilities for all the wires
metting temperature;; and the overall melling temperature oy, 40 are similar, which might be understood by their com-
T,, of these structures, which are estimated from the curve

m Itiwalled helical ki ite their diff inte-
of rms bond length fluctuatiod, heat capacityC, and bind- on multiwalled helical packing, despite their different inte

. Th I meltin t (Ui reflects th rior structures. We investigate the structural difference of
'ng e_r_lergyE. € overall melling lemperaturlg, retiects €y ase wires, and find that the average coordination numbers
stability of the whole system, while the starting melting tem-

d i h | ¢ i q (ACN's) of core atoms are much different in different inte-
peratureT;,; describes the early stage of melting and sensiyjo girctures while the ACN's of their surface atoms is
tively depends on wire structures.

) . similar. For example, the ACN'’s of core atoms $1, S2,
As shown in Table I, the overall melting temperatulgs S3. S4 andS6 are 7.5. 8.0. 8.67. 8.69. and 8.08. while the

are almost the same for all the wires studied, and are slightl)&CN of surface atoms are 6.65. 6.75. 6.94. 7.02. and 6.97

lower Fhan the bulk melting pom¢1357 K).' Expenmen-' respectively. Thus the interior melting temperature is lowest
tally, Liu et al. reported that the melting point of Pt nanowire for the S1 wire, but highest for th&4 wire

. o 1 .
is about 400°C. The melting temperature of 4.6-nm Pd "™ \ye"giccuss the structural evolution of gold nanowires dur-

Ealr;(owirle was f°”[,‘d)f;3 on[y ?Oooﬁ’ much lower thar: the|ng the melting process. Figure 2 shows several snapshots
fu d"?‘ ui (1445 Cf A Sllmll ar p e_rrlrc])m::;non was a‘;’Ohtaken from the structural trajectories of t82 wire at differ-
ouln_ n t € caseg met% c%sters.h Ie %Press"?” 0 tdgnt temperatures. It is interesting to find that the interior
melting point can be attributed to the low dimension andy,mg diffuse along the wire axis direction at a rather low
large surface-to-volume ratio in these nanostructures. HOWgymheratyre. As shown in Fig. 2, the central atoms first move
ever, the mf-:‘ltlng temperatures obtained for gold na.now'reﬁlong the wire at 300 K, while the helical outer shells are
are much higher than those of gold nanoclusters with Comz; ot jnvariant. With a rise in temperature, the central at-
parable sizes?™° This effect might be understood by the o o” continue to move away from the original supercell.
one-dimensional periodicity and the well-reconstructed surg ¢y an atomic motion can create defects in the interior re
face based on helical multlshelled structures. ion of nanowires. Thus, up to 700 K, the atoms in the first
On the other hand, different starting melting temperatureghe" (from interior to outer should have fewer nearest
Tini are found for gold wires with different interior structures neighbors and begin to diffuse along the axis directioee

Fig. 2). Similarly, the atoms in the second shell are also

involved in the migration at higher temperature-900 K.

However, the outer most shell still maintains a helical sur-

. face structure. As the temperature is high enough, the surface

Melting temperaturék)  SL S2 S3 S8 atoms in the outermost shell eventually start to migrate. As
Tini 300 550 650 700 650 shown in Fig. 2, the helical structure of the nanowire surface
T 1100 1100 1050 1100 1100 is broken at 1100 K, corresponding to the overall melting.

Therefore, we conclude that interior atoms diffuse prior to

TABLE I. Melting temperature for different interior structures
of a Au nanowire.
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035 fewer nearest neighbors and are thus more weakly bound and
F less constrained compared to the core atoms. Thus surface
5 wao -:g /=>k' § atoms are easier to diffuse and become liquidlike. However,
% (A g ¢ /{/ T the present structures of gold nanowires are helical multi-
RS ) /_ 1  walled cylindrical. The interaction among same-shell atoms
% I l is stronger than that of neighboring-shell atoms. To reach a
R '/A" 1  welltightened helical multi-walled structure, the helical
5 s | ./' ‘3 i match may cause a fewer number of atoms in the interior
| /.,<. <:/’ ] shells, e_spemf':llly for the center chdwnly four atqms;. We
= anil '\/\4:»::/ '\/' ] fu_rther investigated the _struc_;tural c_haracterlstles _of these
s | / / ] wires, and found that the interior melting can be attributed to
g - H R g ] the special structure. In these helical multiwalled gold wires,
E ' A A A AA-A—A-A—A—A &~ | although the coordination numbers of the interior atoms are
e ey larger than those of surface atoms, their average interatomic
200 400 600 800 1000 1200 distances are also larger than those of surface atoms. Taking
Temperature the S1 wire as an example, the average interatomic distance

of center chain is 2.87 A, which is larger than those of other
shells(for the first interior shell it is 2.84 A, for the second
Thterior shell 2.81 A, and for the outer shell 2.71 A). More-
over, the average interatomic distances between shells are
surface atoms, and that no surface melting takes place befo2e81, 2.90, and 2.72 A, respectively. Thus interior atoms with
the overall melting of the gold nanowires. larger interatomic distances have less binding from the wire

To further illustrate the interior melting phenomena and tocompared to surface atoms. Therefore, these center atoms in
distinguish the role of surface and core atoms in the meltinghanowires can break away from the binding sites in the wire
process, Fig. 3 plots the rms bond length fluctuation of theprior to surface atoms, and diffuse at a rather low tempera-
surface atomsds), core atoms §.), and the total atomsg)  ture. For other wires such &2, S3, S4, andS6, similar
for the S1 wire as functions of temperature. The bond lengthstructural characteristics are found, that is, the average inter-
fluctuation of the core atoms have trends similar to that ofitomic distances of interior atoms are larger than those of
the whole wire, but significantly different from the surface. surface atoms. Therefore, we hold that the interior melting
In the temperature range of 350—1000 &, of the surface behavior mainly comes from their special structures: the
atoms is very small and almost invariable, whilg and §  larger interatomic distance of core atoms and the shorter in-
have substantial fluctuations. In this melting region, the corderatomic distance of surface atoms. In addition, in the opti-
atoms begin to diffuse along the axis and become “wet,”mization process of the ground-state structure, we found that
while the surface atoms remain “solidlike.” These resultsthe formation of a helical structure in the outer shell occurs
again confirm that the melting mainly comes from the diffu- €arlier than in the interior shell. This implies that the surface
sion of core atoms, and that no surface melting occurs at thig dynamically more stable than the interior part. Experimen-
beginning of the melting. Moreove®, fluctuates around tally, Wu et al.found that the melting of a Ge nanowire starts
0.12 at low temperature, consistent with the Lindemann crifrom the two ends of the wire and move toward the middle.
terion for equilibrium melting of simple crystaf$jndicating ~ These imply that the melting behavior for nanowires dra-
that interior melting takes place. For all the three cdsege, ~ Matically differs from those for nanorods and blk.
surface, and overaltthere is a rapid raise of the rms bond  To clarify our ideas further, we separate the function of
length fluctuation in a narrow temperature regid®00—  surface atoms and core atoms by fixing the surface atoms
1150 K), indicating that surface atoms are now involved inartificially and allowing the interior atoms to move, or vice
the melting process. Afterward, the surface atoms play aiersa. All the rms bond length fluctuatidi &;., and ;s are
important role in the melting of a nanowire in the high- calculated for the entire system, representing no constraint,
temperature region. Above 1150 K, all three quantities have fixed core atoms and a fixed surface, respectively. We still
large, constant, and smooth variation, corresponding to thtgke the wireS1 as an example. As shown in Fig. 4, regard-
completely melting status. Together with Fig. 2, we arguéless of the large difference amowg J;., andd;s curves, the
that the surface melting represents the overall melting in théull melting temperatureswhich correspond to a large,
ultrathin multiwalled nanowires. smooth, and constant rms bond length fluctugtion the

The above interior melting behavior is obviously different three cases are about 1150 & has a considerable jump at
from that of the bulk, cluster, and crystalline nanowire, low temperatur¢400 K), while &y is almost invariable up to
where the surface melting usually occurs before the overaB00 K. This indicates that surface atoms with a helical struc-
melting. In bulk solids, after the melting of surface layers,ture are thermodynamically more stable. For the case of a
the rest of the internal atoms can still be seen as an analogofized surface and no constraint, althoufy's are just nearly
bulk. Much more energy is needed to make the “rest bulk”half of 6, their general trends are similar. The small absolute
molten. Therefore, the surface melting temperature of solidgalue of 8¢ comes from the fixed surface atoms, which con-
should be lower than their overall melting point. In the casedribute nearly zero to the rms bond length fluctuation. There-
of clusters and crystalline nanowires, surface atoms hav#ore, we propose that there should be no essential difference

FIG. 3. The rms bond length fluctuation in ti$4(18-12-6-1
structure is ploted as a function of temperature for the entire syste
(6), the core atoms{d.), and the surface atomsy).
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FIG. 4. Melting behavior in the 18-12-6-1 structure with fixed
interior atoms, fixed surface, and no constraint.

. C
between the first two cases. These results also support thﬁ{c
the melting comes from the interior atoms at low temperaturqih
and that the surface melting represents the overall melting.

To check the validity of the current results, we have use

the same MD code to study the melting of clusters and ob

tained results similar to previous Monte Carl@C)

simulations>*>We have also exploited the melting process
of gold nanowires by MC simulations and observed similar,
interior diffuse behaviors. Moreover, to examine the effect of
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results. This proves that the periodic boundary condition has
little effect on the simulation results. It should also be
pointed out that we limit our discussion in this paper to he-
lical structures. As mentioned above, this kind of helical
structure is prevalent in free-standing metal nanowires in the
small diameter rang¥~2? Therefore, the current results for
interior melting behavior in ultrathin gold nanowires are sig-
nificant, and might be a common feature in these ultrathin
metallic nanowires.

In summary, the thermal behavior of helical multiwalled
gold nanowires has been studied and the main points are as
follows. (1) The melting process starts from the interior re-
gion, and no surface melting occurs at lower temperature. We
further argued that interior melting behavior occurs prior to
surface melting, and that surface melting represents the over-
all melting in ultrathin metallic nanowireg2) The overall
melting temperature of gold nanowires is lower than the bulk
value, but higher than gold nanoclustei®. The surface and
ore atoms play different roles in the melting behaviors of
ese nanowires. The core atoms have a dominating effect on
e melting at the beginning stage, and the surface atoms are
jnvolved in the melting at higher temperature region. The

ore melting is closely related to the interior atomic struc-
tural characters(4) The interior melting behavior is ulti-
mately attributed to the helical multiwalled structure, where
interior atoms have larger interatomic distances compared to
the surface atoms.

the periodic bound condition on the melting behavior, we This work was financially supported by the National
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