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Melting behavior of ultrathin titanium nanowires
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The thermal stability and melting behavior of ultrathin titanium nanowires with multishell cylindrical struc-
tures are studied by using empirical molecular-dynamic simulation. The melting temperatures of titanium
nanowires show clear dependence on wire sizes and structures. For the nanowire thinner than 1.2 nm, there is
no clear characteristic of first-order phase transition during the melting, implying a coexistence of solid and
liquid phases due to finite-size effect. An interesting structural transformation from helical multishell cylindri-
cal to bulklike rectangular is observed in the melting process of a thicker nanowire with 1.7 nm diameter.
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Metal nanowires are current focus of intensive resea
due to both their importance in fundamental low-dimensio
physics and the potential applications in nanoscale mate
and devices. Experimentally, stable ultrathin metal nanow
with diameter down to several nanometers and suffic
length have been fabricated by various methods.1–6 For ex-
ample, Ti nanowires of a few nanometers in width were p
duced by Ar1 ions irradiation on Ti thin layer by using car
bon nanotube as a mask.1 Takayanagi’s group ha
successfully produced suspended stable gold wires.2,3 Novel
helical multishell structures are observed in those ultrat
gold and platinum nanowires.3 The ultrathin metal nanowire
are expected to have some unique features different f
either bulk solids or nanoclusters because of their larger
face to volume ratio and quantum confinement effect
finite-size systems.

Molecular-dynamics~MD! simulations have been em
ployed to study the structures and properties of free-stan
metal nanowires.7–21 Our group has systematically studie
the helical multishell in Au,14 Ti,15 Zr ~Ref. 16! nanowires
based on empirical genetic algorithm simulations. The vib
tional, electronic, and transport properties were stud
However, little is known about the thermal stability an
melting behavior of such 1D metal nanowires,7,12,17,22espe-
cially for those ultrathin transition metal nanowires wi
novel cylindrical multishell structures. For instance, it is im
portant to clarify the dependence of the melting behavior
a metal nanowire on its size and geometries. The finite-
effects,23–27 e.g., solid-liquid coexistence, on the phase tra
sition of such quasi-1D systems and their evolution w
nanowire diameter are also interesting. For thicker crys
line lead nanowires, surface melting effect with the form
tion of a thin skin of highly mobile surface atoms we
observed.7 More recently, the melting behaviors of the mul
shell gold nanowires have been also studied by M
simulations.12,22 In our previous work, the atomic structure
of titanium nanowires with diameter from 0.7 to 1.7 nm ha
been optimized and several representative helical m
walled cylindrical structures have been obtained.15 In this
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Brief Report, we report molecular-dynamic simulations
the thermodynamic properties of the titanium nanowires. T
effect of wire sizes and geometries on the melting behav
will be discussed.

In our simulations, Ti nanowires of sufficient length a
modeled by supercell with 1D periodical boundary conditi
along the wire axis direction. As a reasonable comprom
between keeping the helicity inz-axis direction and avoiding
the nanowire breaking into clusters upon relaxation,
length of the supercell is chosen to be 1.256 nm. The in
action between titanium atoms is described by a well-fit
tight-binding many-body potential.28 To simulate the melting
behavior of nanowires, we employ the constant-tempera
molecular-dynamics~MD! method by Hoover,29 which have
been extensively used in our previous works.22,30–32The MD
time step is chosen as 2.15 fs. At each temperature, the in
105 MD steps are used to bring the system into equilibriu
Then we monitor the internal energyE, root-mean-square
~rms! fluctuation d of the interatomic distances, and he
capacityCv from the thermal statistical averages in the eq
librium canonical ensemble. At each temperature, 106 MD
steps are performed to record the thermodynamic averag
physical properties. The constant-temperature MD simu
tions start from a low temperature~400 K for nanowires and
200 K for nanoclusters!. The temperature gradually increas
towards high temperature~1400 K! by 50 K per step.

We have performed comprehensive genetic algorit
simulations on the equilibrium structures of titanium nano
ires. The stable multishell structures composed by coa
cylindrical shells are obtained, which also have been th
retically predicted for Al, Pb, Zr, and Au nanowires8,14,16and
have been experimentally observed in Au and Pt nanowir3

We use indexn-n8-n9-n- to3,14–16 describe the nanowire
consisting of coaxial shells withn, n8, n9, n- helical atomic
rows (n.n8.n9.n-) for each shell. Thus the titanium
nanowire structures studied~in Table I! can be defined as
8-2, 13-8-2, 9-3, 14-9-3, 9-4, 15-9-4, 5-1, 10-5-1,6-1, 12-6
17-12-6-1, respectively. The structures of the 5-1 and 10-
wires are centered pentagonal sequence containing two-s
©2003 The American Physical Society03-1
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TABLE I. Overall melting temperaturesTm for titanium nanowires and clusters. The diameterD and numberN of atoms in the supercel
of the nanowires and clusters are given.

8-2 13-8-2 9-3 14-9-3 9-4 15-9-4 Ti38 5-1 10-5-1 6-1 12-6-1 17-12-6-1 Ti55 Ti147

N 45 110 57 125 62 138 38 30 80 35 88 169 55 147
D ~nm! 0.93 1.43 1.04 1.52 1.07 1.60 1.09 0.75 1.18 0.81 1.28 1.71 1.23 1.81
Tm ~K! 800 1050 850 1000 850 950 650 750 900 700 1000 1150 800 900
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three-shell with a central single atomic row. The 6-1, 12-6
and 17-12-6-1 wires constitute a hexagonal growth seque
containing two-shell, three-shell, and four-shell with a ce
tral single atomic row. In contrast, the structures of 8-2 a
13-8-2, 9-3 and 14-9-3, 9-4 and 15-9-4 wires are the th
growth sequences without central atomic row. Our syste
atical illustration of various multishell growth sequences
the metal nanowire can be found elsewhere.15,16

Starting from the optimized structures at low temperatu
we simulate the melting behavior of the titanium nanowi
using constant-temperature MD method. As representa
examples, Fig. 1 presents the temperature dependence o
internal energyE, mean-square bond-length fluctuationd,
and thermal capacityCv for 12-6-1, and 17-12-6-1 nanow
ires, respectively. From these curves, we can define the o
all melting temperatureTm of the system as the temperatu
at half of saturatedd in liquid states.22 For the purpose of
comparison and discussion, we have also simulated the m
ing of some titanium nanoclusters with equilibrium stru
tures such as Ti38 ~truncated octahedron!, Ti55 ~icosahedron!,
and Ti147 ~icosahedron!, respectively. Table I summarizes th
overall melting temperatureTm of various titanium nanow-
ires with different multishell structural patterns from o
simulations. In general, the melting temperatures of titani
nanowires are much lower than the experimental bulk m
ing point ~1943 K! and increase
with the nanowire size. Because of the 1D periodicity a
the well-reconstructed helical surface structures, the mel
temperatures of titanium nanowires are typically higher th
those of clusters with comparable size~see Table I and
Fig. 2!.

To explore the size dependence of nanowire melting te
perature, we plot the overall melting temperatureTm versus
wire diameter (1/D) in Fig. 2. The melting temperatures fo
several nanoclusters with comparable sizes are also inclu
in Fig. 2 for comparison. TheTm for the 6-1, 12-6-1, 17-12-
6-1 wires with the hexagonal growth sequence fit well to
linear dependence as

Tm5T02h/D,

whereT051542 K is the extrapolated melting temperature
the infinite limit, h5682 K nm describes the linear depe
dence ofTm with wire diameterD ~in unit of nm!. Such 1/D
dependence of melting temperature for nanowire is simila
the well-known size relationship for metal nanoclusters.33–35

As compared with the linear size dependence for the hexa
nal wires~6-1, 12-6-1, 17-12-6-1!, 8-2 and 13-8-2 wires al-
most belong to the same size relationship while theTm of
other nanowires deviate from such linear fit. These diff
19340
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ences indicate that the atomic structures of nanowires p
significant role in determining the melting behavior
nanowires. Among these wires, theTm of 5-1 wire is much
higher than the 6-1 wire with a comparable size. On the ot
hand, the nanowires with three or four atomic strands in

FIG. 1. The rms bond-length fluctuationd, internal energyE,
and heat capacityCv as functions of temperature for variou
nanowires:~a! 12-6-1 @upper#, ~b!17-12-6-1@lower#.
3-2



e
m
e
9-

el
v

n

ru
er

m
y

rt
a
ia
-
a
t-
n-
e
c
cu
a
e

em
r
th

ar
0

u
m
io
a
in

the
e

ced
m-
hot
ral
and

y is
for
the
o-
all
of
ion
ic
his
n,

ur-
fu-

ong
e
for-
ced
no-
ire

n-
d in
in

e
he
tely

s.
17

m-
view
.
the

BRIEF REPORTS PHYSICAL REVIEW B67, 193403 ~2003!
internal shell such as 9-3, 14-9-3, 9-4, 15-9-4 have low
melting temperature than the nanowires with one ato
strand in the center, e.g., 12-6-1. This effect might be und
stood by the relatively looser internal structures of these
or 9-4 based nanowires. Similar results were also found
gold nanowires.12,22Therefore, we suggest that the multish
metal nanowires with tight internal structures should ha
higher thermal stability. Such phenomena are also see
nanoclusters. For example, theTm of icosahedral Ti55 is
much higher than that of Ti38 with fcc-like structure. All
these results imply that the small transition-metal nanost
tures with fivefold symmetry may have relatively high
thermal stability.

We now discuss the detailed melting behavior by exa
ining the temperature dependent curve of internal energE,
bond fluctuation (d), and thermal capacity (Cv) for various
nanowires. The melting of 5-1, 6-1, and 9-4 wires all sta
from about 500–600 K. Their differences in the intern
structures are only reflected in the slightly different var
tions of lindemann parameterd with temperature. In the thin
ner wires such as 5-1, 6-1, 9-4, we cannot clearly see
peak in theCv curve, which is a characteristic for the firs
order solid to liquid phase transition. Accordingly, the i
crease of internal energies is also relatively smooth in th
small nanowires. Only the rapid jump in bond-length flu
tuation with increasing temperature demonstrates the oc
rence of melting and evaporation. Similar behavior w
found in small clusters.26 It can be understood by finite-siz
effect in first-order phase transition,23,24 which leads to the
coexistence of solid and liquid states in a rather broad t
perature region.25–27 On the other hand, the two thicke
wires, 12-6-1 and 17-12-6-1, show clear characteristics of
solid to liquid phase transition. In particular, there are sh
peaks in the thermal capacity curves at 1050 K and 115
for 12-6-1 and 17-12-6-1 wires, respectively.

In addition to the melting, evaporation may also occ
when a solid is heating up. To distinguish melting fro
evaporation, it is necessary to examine the atomic diffus
and mobility in detail. It is generally thought that when
solid starts melting, the arrangement of the atoms form

FIG. 2. Overall melting temperatureTm ~K! vs nanowire diam-
eters 1/D(1/nm) for various nanowires with multishell structure
Dashed line is linear fit for hexagonal wires, i.e., 6-1, 12-6-1,
12-6-1. TheTm for several nanoclusters are also included.
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the solid will become more disordered. Some atoms of
solid will diffuse and mobilize. To further understand th
melting process in the titanium nanowires, we have tra
the structural change of the 17-12-6-1 wire within the te
peratures in the melting region. Figure 3 gives the snaps
of the nanowire at different temperatures. We mark seve
neighboring atoms, such as surface two atomic strands
several interior-shell atoms, as a target with black color~see
Fig. 3!. It is found that at 950–1000 K a part of the marked
atoms diffuse to other positions. The marked atomic bod
broken. Meantime, some relative rotation also occurs
some atoms at the outermost shell. It is thought that
titanium atoms only weakly oscillate at their equilibrium p
sitions at the temperature region. Although there is sm
deformation on the sharp of nanowire and the diffusion
internal atoms, the top view of the nanowire cross sect
still shows ‘‘solidlike’’ hexagonal structure with three atom
shells. Hence, the beginning of the nanowire melting in t
temperature region is only related to the atomic diffusio
mobility and relative rotations of shell happen, while no s
face evaporation occurs. As shown in Fig 3, intensive dif
sion are observed at higher temperatureT51050 K. In that
temperature, some atomic evaporation is also found al
wire axis, implying that the nanowire becomes liquidlik
states. It is very interesting to observe the structural trans
mation of the nanowire at 1050 K. Besides the enhan
evaporation along wire axis, the helical structure of the na
wire is broken, the atomic arrangements of the nanow
have transformed from cylindrical helical to bulklike recta
gular. Similar structural transition has also been observe
the size evolution of gold nanowire optimized structures
our previous simulation.14 In the further melting process, th
structures of nanowire remain bulklike. Up to 1150 K, t
overall melting occurs and the structure becomes comple

-

FIG. 3. Snapshot of the 17-12-6-1 nanowire at different te
peratures during the melting process. At each temperature, top
~left! and side view~right! of the nanowire structure are given
Several neighboring atoms are marked by black color to trace
motion of atoms.
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disordered. Therefore, we conclude that structural transi
is prior to the overall melting of the titanium nanowires. It
worth to point out that the melting behavior of titaniu
nanowires is different from the case of multishell go
nanowires,12,22 where MD simulations indicate that meltin
starts from the interior atoms and the surface melting h
pens at relatively higher temperature.

From the above results and discussions, we can make
following conclusions.~1! The thermal stability of titanium
nanowires significantly depends on the structures and s
of nanowire.~2! The melting temperature of titanium nan
wire is lower than the bulk’s, but higher than titanium clu
ter’s with the comparable size.~3! The coexistence mecha
nism of the solid state and the liquid state due to finite-s
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effect plays a significant role in the melting process of t
thinner nanowires (D,1.2 nm). ~4! For the thicker nanow-
ires, i.e.,D;1.7 nm, we find the structural transformatio
from the helical multishell cylindrical to the bulklike durin
the melting process. The structural transition is prior to
overall melting of the titanium nanowires.
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