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Liquid-drop model for the size-dependent melting of low-dimensional systems
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~Received 20 August 2001; published 29 July 2002!

Empirical relations are established between the cohesive energy, surface tension, and melting temperature of
different bulk solids. An expression for the size-dependent melting for low-dimensional systems is derived on
the basis of an analogy with the liquid-drop model and these empirical relations, and compared with other
theoretical models as well as the available experimental data in the literature. The model is then extended to
understand~i! the effect of substrate temperature on the size of the deposited cluster and~ii ! the superheating
of nanoparticles embedded in a matrix. It is argued thatthe exponential increase in particle size with the
increase in deposition temperature can be understoodby using the expression for the size-dependent melting
of nanoparticles. Superheating is possible when nanoparticles with a lower surface energy are embedded in a
matrix with a material of higher surface energy in which case the melting temperature depends on the amount
of epitaxy between the nanoparticles and the embedding matrix. The predictions of the model show good
agreement with the experimental results. A scaling for the size-dependent melting point suppression is also
proposed.
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I. INTRODUCTION

It is well established both experimentally and theore
cally that the melting temperature (Tm) of nanoparticles de-
pends on the particle size@1–30#. For substrate-supporte
nanoparticles with relatively free surface, the melting te
perature decreases with decreasing particle size@1–12#. In
contrast, as per the existing experimental evidence for
bedded nanoparticles, the melting temperature can be lo
than the bulk melting point for some matrices while the sa
nanoparticles embedded in some other matrices can ex
superheating to temperatures higher than the bulk mel
point @20–30#. Experimental results of Shenget al. @24,25#
reveal that the enhancement or depression of the me
temperature of the embedded nanoparticles depends o
epitaxy between the nanoparticles and the embedding ma
While the size-dependent depression of melting point
been theoretically modeled by several authors@3–5,14–19#,
a proper understanding of the superheating of embed
nanoparticles is lacking. Based on the size-dependence o
amplitudes of the atomic vibrations and the Lindemann’s
terion, Jianget al. @28,29# have developed a model for th
superheating of nanoparticles embedded in a matrix, acc
ing to which the superheating is possible if the diameter
the constituent atoms of the matrix is smaller than the ato
diameter in the nanoparticles.

In this paper, empirical relations between cohesive ene
surface tension, and melting temperature of different b
solids are established. On the basis of an analogy with
liquid-drop model and making use of these empirical re
tions, an expression for the size-dependent melting for lo
dimensional systems is derived and compared with other
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oretical models, and experimental data available in
literature. The expression so derived is then extended to
derstand other phenomena, such as~i! how substrate tem-
perature effects the growth of the size of the deposited na
particles and~ii ! the superheating of nanoparticles embedd
in a matrix. It is argued that depending upon the epita
between the nanoparticles and the embedding matrix, su
heating is possible if the surface energy of the nanomate
is smaller than that of the embedding matrix. A scaling
the size-dependent melting point suppression is also
posed.

II. EMPIRICAL RELATION FOR SIZE-DEPENDENT
MELTING

A. Cohesive energy

One of the many successes of the liquid-drop model
in providing an intuitive explanation of the phenomenon
spontaneous fission of some nuclei. Atomic clusters a
nanoparticles being finite systems, their properties are do
nated by the surface atoms, therefore their binding ene
can be effectively represented by the volume and surf
dependent terms as in the liquid-drop model. From this po
of view the melting of atomic clusters and nanoparticles c
be understood by scaling the cohesive energy to the me
temperature. According to the liquid-drop model@31,32#, the
total cohesive energy (Eb) of a nanoparticle ofN atoms is
equal to the volume energyavN minus the surface energ
4pr a

2N2/3g, the latter term arising from the presence of a
oms on the surface. Hence, the cohesive energy per a
i.e., Eb /N5av,d is given by

av,d5av2
4pr a

2g

N1/3 5av2asN
21/3, ~1!

whereav represents the cohesive energy of bulk,r a is the
radius of one atom deduced from the atomic volume (n0

54pr a
3/3), andg is the coefficient of surface energy of th

material. This expression is the same as the binding en

,
rg,
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per nucleon obtained from the liquid-drop model which
known to be so successful in explaining the mass of
atomic nuclei@33#. The model has also been successfu
applied recently to explain the size-dependent lattice cont
tion associated with reduced dimensions@34#. The number of
atoms in a spherical nanoparticle of diameter ‘‘d’’ being

N5
d3

~2r a!3 ,

the expression for the cohesive energy per atom becom

av,d5av2
6n0g

d
. ~2!

Equation~2! implies that the cohesive energy per atom d
creases as the particle size decreases and the rate of de
depends on the values of the atomic volume (n0) and the
coefficient of surface energy~g!. This provides a qualitative
understanding of the size dependence of the amount of
ergy required to remove an atom from a cluster@35#.

B. Empirical relation between
cohesive energy and melting temperature

It has been shown by Roseet al. @36# that there exists a
universal relation between the cohesive energy and sur
energy, i.e.,

as50.82av ,

which has been experimentally@31# verified for clusters of
Li, Na, and K. Tateno@37# has derived an expression for th
melting temperature (Tm) of the bulk material in terms of the
cohesive energy, based on the Lindemann’s criterion of m
ing, which is

Tm5nav f 2/3kBZ, ~3!

wheren is the exponent of the repulsive part of the intera
tion potential between constituent atoms,Z is the valency of
the atoms,f is the characteristic fraction which is the ratio
the atomic displacement atTm to the interatomic separatio
at equilibrium, andkB is the Boltzmann constant. As Eq.~3!
indicates a relation between the bulk cohesive energy and
melting temperature, the variation of the melting temperat
of nanoparticles with particle size will immediately follow
one usesav,d from Eq. ~2! in place ofav in Eq. ~3! @38#.
However, the cohesive energy per atom, if derived from
liquid-drop model, should relate to the liquid-gas transitio
Therefore, it is our belief that the melting temperature can
related to the cohesive energy per coordination num
Therefore, to obtain an empirical relation for the siz
dependence of melting temperature of nanoparticles, we
the cohesive energy per coordination of different eleme
solids against the melting temperature as shown in Fig
The data for cohesive energy per atom are taken from R
@39,40# and the cohesive energy per coordination numbe
determined from the cohesive energy per atom by using
following formula @41#:
01320
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~Cohesive energy per coordination!

5
~Cohesive energy per atom!

~Coordination number per atom!
, ~4!

where coordination number per atom is the coordinat
number divided by two as each coordination number
shared by two atoms. Interestingly, a linear relationship
found for different structures with almost the same slop
Assuming the value of the slope for C, Si, Ge, and Sn
obtained from Fig. 1 to provide a reasonable representa
for all solids, one can express the cohesive energy per c
dination (av) in term of the melting temperature (Tmb) of the
bulk material as

av50.000 573 6Tmb1c, ~5!

wherec is the intercept of the straight line.

C. Empirical relation between
surface tension and melting temperature

The surface energy and the melting temperature of dif
ent elemental solids are plotted against the atomic numbe
Fig. 2~a!. The data are taken from Ref.@42#. Figure 2~a!
predicts a definite correlation between the surface tens
and the bulk melting temperature which further motivated
to plot the surface energy as a function of the bulk melt
temperature which is shown in Fig. 2~b!. It can be noted
from Fig. 2~b! that the data can be fitted into a straight lin
which yields a slope 0.915 665 5 mJ/m2 K and an intercept
133.2806 mJ/m2. This clearly indicates that the higher th
surface energy, the higher is the bulk melting temperatur

FIG. 1. Plot of cohesive energy per coordination vs melti
temperature of different elements. The data for cohesive energy
atom are taken from Refs.@39,40#, whereas the cohesive energy p
coordination is estimated from the cohesive energy per atom
using Eq.~4!.
8-2
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LIQUID-DROP MODEL FOR THE SIZE-DEPENDENT . . . PHYSICAL REVIEW A 66, 013208 ~2002!
D. Size-dependent melting of nanoparticles

As argued in Sec. II B there exists a universal relat
between cohesive energy and surface energy which we
sume to hold for the nanoparticles as well and express
cohesive energy in terms of the melting temperature (Tm) of
the nanoparticles as

av,d50.000 573 6Tm1c.

Based on this relation and Eqs.~2! and ~5!, Tm can be ex-
pressed in terms of the bulk melting temperature (Tmb) as

Tm5Tmb2
6n0g

0.000 573 6d
⇒ Tm

Tmb
512

6n0

0.000 573 6d S g

Tmb
D

512
b

d
. ~6!

Similar expressions for size dependent melting for spher
nanoparticles has also been derived from thermodynamic
guments@2,3# and from a model based on surface-phon
instability @15#. Using the known values ofv0 , g, andTmb,
the value ofb for different elements is estimated and pr
sented in Table I. It may be noted that the value ofb ob-
tained from the empirical relation is consistent with that
the phonon-instability model. In order to test this empiric
formulation further, the results for the liquid-drop model a
compared with the experimental data@1,12# of Pb and In.
Shown in Figs. 3~a! and 3~b! are the plots of the normalize
melting temperature (Tm /Tmb) versus inverse of the particl
diameter~d!. The solid lines are the theoretical predictio
according to Eq.~6!, whereas the dot-dashed line in Fig. 3~b!
is the prediction of the Landau theory as developed by Sa

FIG. 2. ~a! The surface energy and the melting temperature
plotted against the atomic number;~b! the surface energy is plotte
against the bulk melting temperature yielding a straight line. T
data are taken from Ref.@42#.
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@17# for Pb. It can be noted from Fig. 3 that the agreem
with experiment for In is excellent. On the other hand, the
is a disagreement between experiment and the theore
predictions for Pb particles, especially in the intermedi
size range, whereas there is agreement for particles
lower and higher sizes. However, in the intermediate s
range the data can be accounted for~dashed line! if the value
of b is chosen as half the value given in Table I. A possib
explanation for this is provided in a later section. Further
can be noted that the prediction of the liquid-drop model is
good agreement with that~dot-dashed line! of Sakai@17#.

E. Melting of pancake-shaped nanoparticles

For particles of spherical geometry with diameterd, the
surface to volume ratioA56/d, which when substituted in
Eq. ~6! gives

Tm

Tmb
512

b

6
A.

On the other hand, for a particle with cylindrical geometry
height l and diameterd, the surface to volume ratio~A! is

e

e

FIG. 3. Comparison of experimental size-dependent melt
temperature depression of In~a! and Pb~b! nanoparticles with dif-
ferent models. The data are taken from Refs.@12# and@1# for In and
Pb, respectively.
8-3
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TABLE I. Comparison of our model with the surface phonon-instability model.

Elements

g
~mJ/m2!
Ref. @28#

Tmb

~K!
g/Tmb

~mJ/m K!

Atomic
volume per
mole ~cm3!

b
~nm!

b
~nm!

Ref. @14#

Na 223 371 0.601 23.78 1.487 0.73, 2.0
Mg 679 922 0.7364 14.0 1.1211 0.9, 1.54
Al 1032 933.25 1.106 10.0 1.2 1.14
Si 1038 1685 0.616 12.06 0.8454 1.88
Sc 954 1812 0.5265 15.00 0.8573 1.04
V 2280 2175 1.0483 8.32 0.944 1.05, 1.3
Cr 2031 2130 0.953 7.23 0.744 1.05
Mn 1297 1517 0.855 7.35 0.672
Fe 2206 1809 1.219 46 7.09 0.942 32 1.09
Co 2197 1768 1.242 65 6.67 0.9 1.0
Ni 2104 1726 1.219 6.59 0.87 1.10
Cu 1592 1357.6 1.172 66 7.11 0.9 1.02
Zn 895 692.73 1.292 9.16 1.284 1.06
Ga 794 302.9 2.6213 11.80 3.36 1.07, 2.7
Ge 870 1210.4 0.719 13.63 1.06 2.3, 3.33
Y 871 1782 0.4888 19.88 1.055 1.42
Nb 2314 2740 0.8445 10.83 0.9921 1.43
Mo 2546 2890 0.881 9.38 0.9 0.99, 1.58
Ru 2591 2523 1.027 8.17 0.91 1.01
Rh 2392 2236 1.07 8.28 1.0377 1.13
Pd 1808 1825 0.9907 8.56 0.9517 0.88, 1.4
Ag 1065 1234 0.863 10.27 0.965 64 1.27
Cd 697 594.18 1.173 13.0 1.655 1.07
In 638 429.76 1.484 55 15.76 2.65 1.95
Sn 654 505.06 1.295 16.29 2.2784 1.57
La 718 1193 0.601 84 22.39 1.463 1.64
Ce 706 1068 0.661 20.69 1.484 54 1.17
Pr 707 1208 0.5853 20.80 1.3215 2.03
Nd 687 1297 0.53 20.59 1.1846 1.54
Pm 680 1441 0.472 20.23 1.0365
Sm 431 1345 0.32 19.98 0.694 0.86
Eu 264 1099 0.24 28.97 0.755 0.95
Gd 664 1585 0.42 19.90 0.9073 1.36
Tb 669 1629 0.4107 19.3 0.86 1.41
Dy 648 1680 0.3857 19.01 0.796 0.98
Ho 650 1734 0.275 18.74 0.763 0.91
Er 630 1770 0.356 18.46 0.7134 0.97
Yb 320 1097 0.2917 24.84 0.7865 1.09
Lu 940 1925 0.4883 17.78 0.942 43 1.23
Ta 2595 3287 0.7895 10.85 0.94 1.2
W 2753 3680 0.7481 9.47 0.772 1.1
Re 3100 3453 0.8978 8.86 0.8635 0.99
Os 3055 3300 0.925 76 8.42 0.8453 1.07
Ir 2664 2716 0.981 8.52 0.908 1.08
Pt 2223 2045 1.087 9.09 1.07 0.89
Au 1363 1337.6 1.019 10.21 1.1281 0.92
Tl 547 577 0.948 17.22 1.7763 1.11
Pb 544 600.6 0.9058 18.26 1.7957 0.98
Bi 501 544.52 0.92 21.31 2.1273 0.86
013208-4
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A54/d12/l

and hence, the melting temperature can be written as

Tm

Tmb
512

b

6 S 4

d
1

2

l D . ~7!

For a pancakelike geometry of the nanoparticles, the heigl
is much less thand andA@6/d. Therefore, the melting tem
perature of these particles would be lower as compared
spherical particle of diameterd.

F. Melting of thin wires „ lšd…

For a thin wire of lengthl and diameterd, l @d and hence,
the melting temperature is given by

Tm

Tmb
512

2b

3d
. ~8!

This relation has some similarity to the size dependence
melting of thin wires as described by Gu¨lserenet al. @19#.
The only difference is that in the present case the mel
temperature of a thin wire is suppressed by a factor whic
two third of the suppression for a spherical nanopartic
whereas a molecular dynamics~MD! simulation @19# pre-
dicts the melting temperature to be suppressed by appr
mately half the amount of a spherical particle.

G. Melting of thin films „ l™d…

In case of a thin film, on the other hand,l !d and the
melting temperature is given by

Tm

Tmb
>12

b

3l
. ~9!

This implies that the suppression of the melting tempera
of a thin film depends mainly on the thickness of the fil
which is in agreement with reported results@18#.

H. General expression ofTm for low-dimensional systems

Comparing Eqs.~6!, ~8!, and ~9! for a given size of the
particle, the diameter of the wire, and the thickness of
film, one gets

Tmb2Tm

Tmb
U

sphere

:
Tmb2Tm

Tmb
U

wire

:
Tmb2Tm

Tmb
U

film

53:2:1,

~10!

which implies that the rate of decrease of the melting te
perature for different low-dimensional systems is in the ra
(sphere:wire:film)5(3:2:1), aresult in accordance with th
predicted behavior from thermodynamical consideratio
@16#. Based on Eq.~10! the expression for size-depende
melting, in general, can be written as

Tm

Tmb
512

b

zd
, ~11!
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with z51, 3/2, and 3 for nanoparticles, nanowires, and t
films, respectively. It may be noted that in Eq.~11!, d repre-
sents the diameter in case of nanoparticles and nanow
whereas it represents the thickness in case of thin films.
predictions of the liquid-drop model can now be compar
with the theoretical predictions of Jianget al. @18#, the latter
based on the size-dependent atomic vibrations and Lin
mann’s criterion. The comparison of the predictions of the
two models for Pb thin films (z53) is shown in Fig. 4. The
values ofb are taken from Table I. As can be seen from t
figure, both the models are found to be consistent for Pb
films.

I. Superheating of nanoparticles

In the case of embedded nanoparticles if their surface
oms are completely saturated with the atoms of the surrou
ing matrix, then the coefficient of surface energy~g! will be
effectively altered at the interface, resulting in the modific
tion of Eq. ~2! as

av,d5av2
6n0~g2agM !

d
, ~12!

where gM is the coefficient of surface energy of the su
rounding material anda represents the amount of correlatio
between the atoms of the nanoparticles and those of the
rounding matrix;a50 for free nanoparticles anda51 if
there is epitaxy between nanocrystals and the surroun
matrix. In the case of epitaxya51, the size dependent mel
ing, as given by the ratio of the melting temperatures of
nanoparticles to that of their corresponding bulk, can be
pressed following Eqs.~6! and ~12! as

FIG. 4. Comparison of our model with the model of Shi a
co-workers@18# for Pb thin film.
8-5
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Tm

Tmb
>12

b

d S 12
gM

g D . ~13!

It can be noted from Eq.~13! that the nanoparticles will mel
above the bulk melting temperature ifgM.g. In order to
test the validity of this formulation, the results of the liqui
drop model are compared in Figs. 5~a! and 5~b! with the
experimental data for the size-dependent superheating o
and Pb nanoparticles embedded in Al matrix@20,22,23# and
in doing so the coefficient of the surface energy of In, P
and Al are taken from Table I. The results from the model
Jianget al. @28,29# are also plotted for comparison. It may b
noted that the liquid-drop model is in excellent agreem
with the experimental data of Pb particles in Al matrix b
overestimates the melting temperature for In particles in
matrix. However, the data for In particles embedded in
matrix can be accounted~dashed line! for by taking the value
of b to be half of that given in Table I. In contrast, the mod
developed by Jianget al. underestimates the size-depende
superheating of Pb nanoparticles embedded in Al matrix
shown in Fig. 5~b!, even though both the liquid-drop mod

FIG. 5. Comparison of experimental size-dependent superh
ing of In ~a! and Pb~b! nanoparticles embedded in Al matrix wit
different models. The data are taken from Ref.@20# and Refs.@22#,
@23# for In and Pb, respectively. The surface energy~g! of In, Pb,
and Al is taken from Table I.
01320
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and the model of Jianget al.are consistent for thin films~see
Fig. 4!. Recently, Zhanget al. @30# have observed the supe
heating by 6 °C for the 20 nm thick Pb films sandwich
within Al layers while for the same system the liquid-dro
model predicts a superheating by 16 °C. The discrepancy
tween the predictions of the present theory and the exp
mental data of~i! In particles embedded in Al matrix and~ii !
Pb films sandwiched between Al layers can be attributed
the epitaxy between In and Al. Recalling from Fig. 3~b! that
the size-dependent melting temperatures of Pb nanopart
in the intermediate size range can be understood by ta
the value ofb to be half of the value given in Table I, it is no
surprising because the shape of the Pb nanoparticles
sembles a disk@1# and are supported by a substrate implyi
that only half of the surface is free.

J. Melting of atomic clusters

An irregular variation of melting temperature of Ar clus
ters with size was predicted from theoretical calculatio
@43#. For rare-gas atoms the completion of geometrical sh
occurs at cluster sizes ofN513, 55, 147, 309,... and th
corresponding local maxima of melting temperatures w
found for these magic numbers which can be attributed to
increase in binding energy per atom at shell closure.
cently, similar irregular variation of melting temperature w
observed experimentally@44# for Na clusters for which the
peaks in the abundance distributions occur at cluster size
N559, 93, 139, 197,..., whereas the local maxima of melt
occurs forN593, 142,... . For alkali-atom clusters the stab
ity, and hence the abundance, is determined by electr
shell closure which is predicted to occur atN558, 92, 138,
19862, 25863, etc. However, since the measurements
done on free clusters, in the ionic state, clusters with o
more atom will correspond to the electronic shell closu
which is consistent with the measurement. However, si
the present liquid-drop model does not take into account
shell closure effects on the binding energy, a discussion
the melting of small atomic clusters is beyond the scope
the model.

K. Effect of deposition temperature on particle size

The present understanding of the phenomenon of the s
dependent melting can provide an explanation of the dep
dence of the growth of deposited nanoparticles on deposi
temperature or the substrate temperature. For a given d
sition or substrate temperature, there will be a critical size
the particle in the cluster beam, such that, any particle lar
than this will be deposited as such. On the other hand if
incident cluster size is smaller than the critical size, the p
ticle will melt upon deposition and they will coagulate
produce larger clusters. Once a larger cluster is formed
solidifies and stops further coagulation. This implies that
deposition temperature should be as low as possible to ob
smaller size particles. Based on the above discussion, it
be shown from Eq.~6! that the stable clusters with sizeds
depends on the substrate temperatureTs as

at-
8-6
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Ts

Tmb
512

b

ds
⇒ds5

b

~12Ts /Tmb!
>b expS Ts

Tmb
D . ~14!

This implies that the cluster size and hence the numbe
atoms in the deposited nanoparticle increases with increa
substrate temperature, which is in good agreement with
experimental observation@45#. It can be inferred from Eq
~14! that ds can be estimated ifb and Ts are known. This
result of the liquid-drop model can now be compared w
the experimental data on the substrate-temperat
dependent particle size. Mitchet al. @46# have found that the
crystallinity of a 0.8 nm thick Bi film disappears at 110 K
Similarly, the crystallinity of a Pb wire of diameter 3.0 nm
a carbon nanotube disappears@47# at room temperature. Tak
ing Ts5110 K, g5501 mJ/m2, Tmb5544.5 K, n0
50.107172 nm3, andz53 for a Bi film, it is estimated that
ds50.9 nm. Similarly, takingTs5300 K, g5544 mJ/m2,
Tmb5600.6 K, n050.121 287 nm3, and z53/2 for a
Pb wire, it is estimated thatds52.4 nm, and tak-
ing Ts5300 K, g5654 mJ/m2, Tmb5505.1 K, n0
50.107 637 nm3, and z51 for Sn particles, it is estimate
that ds55.6 nm. In this context it is worth pointing out tha
Oshimaet al. @10# observed a pseudocrystalline phase
tween that of a solid and a liquid ford,5.0 nm in the case o
Sn nanoparticles which is very close to the size predic
from the present model. The thickness of the Bi thin film, t
diameter of the Pb wire, and the diameter of the Sn part
are found to agree well with the experimental results wh
provide support to the validity of the present model.

III. SCALING LAW FOR SIZE-DEPENDENT MELTING

With the quantitative understanding of the effect of su
strate temperature on particle size, it is believed that a s
ing for the size-dependent melting point suppression for
ferent materials is possible. It can be noted from Eq.~6! that
the size-dependent melting curves for all the materials
collapse into a single curve if the data are plotted asTm /Tmb
versusb/d whereTmb andb are material specific. In order t
demonstrate the scaling of size-dependent melting, the
@11# for Pb, Sn, In, and Bi nanoparticles are plotted
Tm /Tmb versus 1/d in Fig. 6~a! and the same data are plotte
asTm /Tmb versusb/d in Fig. 6~b!. The solid line in Fig. 6~b!
represents the results from the liquid-drop model. Intere
ingly, the size-dependent melting curves are found to o
scaling behavior except for Bi. It is also noted that the e
perimental melting temperatures are somewhat higher
that predicted by the liquid-drop model. It is believed that t
discrepancy can be attributed to the interaction betw
these nanoparticles and the carbon substrate on which t
are deposited and the interaction of Bi particles is proba
weaker as compared to other nanoparticles.

IV. DISCUSSION

It is well established that the change in the melting te
perature of nanoparticles with their size is a surface initia
process@9,17#. The MD simulation also corroborates to th
and shows that the melting of a thin wire starts from t
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of
ng
e

e-

-

d

le
h

-
l-

f-

ll

ta
s

t-
y
-
an
e
n

ese
ly

-
d

curved surface rather than the flat surface@19#. At the sur-
face, the number of nearest neighbors of a given atom
smaller than that in the bulk. Therefore, the surface start
disorder on raising the temperature even though the b
retains its ordered state. This is the mechanism of surfa
induced melting. The relative availability of surface atom
can be increased by reducing the particle size, thereby l
ering the surface-induced melting temperature of the parti
In this paper it is shown that this is in accordance with t
simple minded liquid-drop-like model which predicts the d
crease of the melting temperature to be proportional to
surface-to-volume ratio. This model not only explains t
size-dependent melting temperature depression of free n
particles, but also explains quantitatively the size-depend
superheating of nanoparticles embedded in a matrix. T
simple phenomenological liquid-drop model also succe
fully predicts the critical size below which the crystallinity o
a material disappears at a given deposition or substrate
perature. The estimated size is found to be in excellent ag
ment with the experimental observations.

Some of the technical advantages of the low melting te
peratures of small nanoparticles are:~1! the ability to fuse

FIG. 6. ~a! The size-dependent melting of Pb, Sn, In, and
nanoparticles plotted asTm /Tmb vs 1/d. ~b! The size-dependen
melting plotted asTm /Tmb vs b/d. The data are taken from Re
@11# and the values ofb are taken from Table I. The solid line is th
theoretical curve based on the liquid-drop model and the das
line is guide to the eye.
8-7



ra
w

les
t
dd
ce
a
a

an
si

ze-
ma-

hat
en-
ls.

ting

-
be-
ergy
en-

K. K. NANDA, S. N. SAHU, AND S. N. BEHERA PHYSICAL REVIEW A66, 013208 ~2002!
nanoparticles to form a film at a relatively modest tempe
ture indicating that nanoparticles may provide a new lo
temperature route to thin-film growth,~2! possibility of sol-
dering at relatively low temperatures using nanoparticles,~3!
possibility of controlling the growth process of nanopartic
by controlling the deposition or substrate temperature. I
also shown that the superheating of nanoparticles embe
in a matrix strictly depends on the epitaxy at the interfa
This allows for the possibility of elevating the temperature
which the instability against melting of the low-dimension
materials sets in.

V. CONCLUSION

It is shown that the simple minded liquid-drop model c
explain the size-dependent melting associated with the
y

ce

in

rs

tus

.

01320
-
-

is
ed
.
t
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ze

and geometry of the low-dimensional systems. The si
dependent superheating of nanoparticles embedded in a
trix is also understood using this model which predicts t
the superheating is possible if the coefficient of surface
ergy of the matrix is higher than that of the nanomateria
The existence of a scaling law for the size-dependent mel
point suppression is demonstrated.
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