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Abstract

This thesis mainly presents the study of theoretical investigation of the size and shape-

dependent melting temperature on transition metal clusters (Cr, W, and Mo) with their

special parameter of shape factor are theoretically and analytically used in thermodynamic

mode. Particle shape is considered by introducing a shape factor. According to our study,

if the size of particle decreases, the ratio melting temperatures of transition metal clusters

increase, and if the shape factor of the parameter increases, the ratio melting temperatures

of transition metal clusters decrease. The melting temperature generally decreases with

increasing cluster size, due to the increased surface-to-volume ratios. This increased ratio

makes it easier for the atoms of the surface to escape from the cluster, leading to a lower

melting temperature.
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Chapter 1

Introduction

It has been well established both experimentally and theoretically that the melting temper-

ature (Tm) of nanoparticles depends on the particle size [1 - 3] . However, Pawlow in 1909

developed a thermodynamic model that predicts a melting point depression of nanoparti-

cles and the variation is linear with the inverse of the particle size. An attempt to confirm

this experimentally has been made first by Pawlow [4 , 5] in 1910. Subsequently, other

researchers [6] have investigated the variation of melting temperature with particle size and

many theoretical models [7] have successfully been applied to understand the size dependency

of melting temperature.

Transition metals are defined as those elements that have (or readily form) partially filled

d orbitals. These include the d-block (groups 3 – 11) and f-block element elements. The

variety of properties exhibited by transition metals are due to their complex valence shells.

Unlike most main group metals where one oxidation state is normally observed, the valence

shell structure of transition metals means that they usually occur in several different stable

oxidation states. In addition, electron transitions in these elements can correspond with ab-

sorption of photons in the visible electromagnetic spectrum, leading to coloured compounds.

Because of these behaviors, transition metals exhibit a rich and fascinating chemistry[8].

It can be reckoned that magnetic properties of clusters of transition metal atoms are de-

pendent on different internal factors such as the bond length, number of nearest neighbour

interactions with the d-band electrons, the number of atoms in the cluster (N) and the sym-

metry of the cluster. Therefore, each of the above-mentioned factors are an independent

parameter and contributes to the total energy (EN) of the cluster. The small size and ef-

fective coordination number as well as high [9] are anticipated to give rise to narrow band
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and enhanced magnetism. Investigations, yielded improved magnetic moments with respect

to their bulk values. Although all d-block (3d, 4d and 5d) transition metals have unfilled

localized d states; only certain 3d metals can form magnetic solids. However, none of the 4d

or 5d elements are magnetic. If they could [10] 2 of 12 be made magnetic, they might provide

a new class of magnetic materials with enhanced magneto crystalline anisotropy. Therefore,

it is possible to magnetize groups of 4d atoms, as demonstrated by the discovery of giant

induced moments in Pd [11].

Size dependence of the melting temperature at nanoscale has enormous implications in the

production of nanocrystals and in the thermal stability of quantum dots. Thermodynami-

cally, the melting temperature of nanoparticles has been described by three models: (1) The

Homogeneous Melting with out Liquid shell (HML), (2) The Liquid shell Nucleation(LSN),

and (3) The Liquid Nucleation and Growth(LNG). All the three models predict a size-

dependent melting temperature. Nucleation is localized formation of a distinct thermody-

namic phase and occur in a gas, liquid or solid phase. Some examples of phases that may

form via nucleation include: 1) in gas: Creation of liquid droplets in saturated vapour; 2)

in liquid:formation of gaseous bubbles, crystals (e.g., ice formation from water), or glassy

regions; 3) in solid: Nucleation of crystalline, amorphous, and even vacancy clusters in solid

materials. Such solid state nucleation is important, for example, to the semiconductor in-

dustry. Homogeneous nucleation occurs away from the surface of the system where as the

heterogeneous nucleation occurs at the surface of the system.

The melting temperature of the nanoparticles will be different in different shapes when

considering the radius of curvature of nanoparticles; especially the particle size is mentioned

with respect to its radius of curvature. According to the relation between the melting

temperature and radius of curvature of the nanoparticles, an expression [12] for the size-

and shape-dependent melting temperature of nanoparticles is developed. The theoretical

prediction of this expression for the melting temperature of transition metal nanoparticles

is compared between spherical and non spherical shape.

The melting temperature of a metal cluster is dependent on both its size and shape. In

theoretical investigations, this relationship is studied using thermodynamic models. The

models take into account the interactions between the metal atoms in the cluster and to

determine the melting temperature.

For a given transition metal, the melting temperature generally decreases with increasing

3



cluster size, due to the increased surface-to-volume ratios. This increased ratio makes it

easier for the atoms at the surface to escape from the cluster, leading to a lower melting

temperature.

4



1.1 Statement of The Problem

In recent years, researchers to more studies of magnetic and optical behavior as studied used

with the model of DFT (density functional theory) and MD(molecular dynamic) stimula-

tion(computational). We studied the theoretical investigation of the size and shape depen-

dence of the melting temperature of transition metal clusters using an advanced ( Thermo-

dynamic model,(liquid drop methods), We used this model did the main target simply solve

theoretically and analytically better than in recent years, researchers. Because computa-

tional models not understanding simply but thermodynamic model simply solve the relation

between size and shape-dependent melting temperature on transition metal clusters. This

work lays the foundation for further studies aimed at optimizing the performance of metal

clusters.

1.2 Objectives

1.2.1 General Objective

• The main objective of this thesis is to study theoretical investigation of size and shape

dependent melting temperature on transition metal clusters.

1.2.2 Specific Objectives

• To study effect size - dependent melting temperature on transition metal cluster(Cr,Mo,W,)

• To study effect shape - dependent on the melting temperature on transition metal clusters.

1.3 Significance of The Study

• This study aims to investigate the size and shape dependence of the melting temperature

in transition metal clusters simply solve analytical and theoretical.

• This study demonstrate that the melting temperature of transition metal clusters can be

significantly/influence affected by changes in both the size and shape of the cluster.

5



Chapter 2

Literature Review

2.1 Transition Metal Cluster

Transition metal clusters are molecular-scale assemblies of metal atoms that are held to-

gether by organic ligands. These clusters are unique because they are both metallic and

organic in nature, which gives them a wide range of properties that make them useful in a

variety of applications, including catalysis, magnetism, and electronics[8].

Transition metal clusters are unique materials with a wide range of properties that make

them useful in a variety of applications. These include the d-block (groups 3 – 11) and

f-block elements . The variety of properties exhibited by transition metals is due to their

complex valence shells. Unlike most main group metals where one oxidation state is normally

observed, the valence shell structure of transition metals means that they usually occur in

several different stable oxidation states. In addition, electron transitions in these elements

can correspond with absorption of photons in the visible electromagnetic spectrum, leading

to colour compounds. Because of these behaviours, transition metals exhibit a rich and fas-

cinating chemistry. The d-block elements also called inner transition metals (the lanthanide

and actinides), also meet this criterion because the d orbital is partially occupied before the

f orbitals. The d-orbitals fill with the copper family (group 11); for this reason, the next

family (group 12) are technically not transition elements. However, the group 12 element do

display some of the same chemical properties and are commonly included in discussions of

transition metals. Some chemists do treat the group 12 element as transition metal.

The d-block element are divided into the first transitions series (the element Sc through Cu),

the second transition series (the elements Y through Ag), and the third transition series (the
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element La and the elements Hf through Au). Actinium, Ac, is the first member of the fourth

transition series, which also includes Rf through Rg.The f-block elements are the elements Ce

through Lu, which constitute the lanthanide series (or lanthanide series), and the elements

Th through Lr, which constitute the actinide series ( or actinide series). Because lanthanum

behaves very much like the lanthanide elements, it is considered a lanthanide element, even

though its electron configuration makes it the first member of the third transition series [13].

The behaviour of actinium means it is part of the actinide series, although its electron con-

figuration makes it the first member of the fourth transition series. elements, it is considered

a lanthanide element, even though its electron configuration makes it the first member of the

third transition series. Similarly, the behaviour of actinium means it is part of the actinide

series, although its electron configuration makes it the first member of the fourth transition

series.

Finally , Transitions metal clusters are highly tunable, meaning that their properties can be

tailored for specific applications by changing the size, shape, and composition of the cluster,

as well as the nature of the organic ligands that hold the cluster together.

2.2 Properties of Transition Metal Clusters

One of the key properties of transition metal clusters is their size-dependent electronic struc-

ture.The electronic- structures of these clusters is highly dependent on their size, shape, and

composition, which allows them to exhibit a wide range of properties, such as magnetic

ordering, electrical conductivity, and chemical reactivity. One of the unique properties of

transition metal clusters is their high surface-to-volume ratio. This means that a large

portion of the cluster is made up of exposed surface atoms, which can interact with their

environment in different ways. For example, metal clusters can exhibit unique electronic,

optical, and magnetic properties due to the high proportion of surface atoms that can par-

ticipate in these interactions[7].

Another property of transition metal clusters is their stability. Despite being held together

by weak forces, these clusters can persist for relatively long periods of time and maintain

their size and shape. This stability is particularly important in applications where metal

clusters are used as catalysts, as it allows them to maintain their structure and reactivity

over time.
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Overall, transition metal clusters are of interest in a number of fields due to their unique

properties and potential applications. These properties include their high surface-to-volume

ratio, stability, and ability to exhibit unusual electronic, optical, and magnetic properties.

Transition metals are strong reducing agents, whereas others have very low reactivity. For

example, the lanthanide all form stable 3+ aqueous cations. The driving force for such oxi-

dation is similar to that of alkaline earth metals such as Be or Mg, formingBe3+ andMg3+

.On the other hand, materials like platinum and gold have much higher reduction potentials.

Their ability to resist oxidation makes them useful materials for constructing circuits and

jewellery. Ions of the lighter d-block elements, such as Cr3+ , Fe3+ , and Co3+ , form colour

full hydrated ions that are stable in water. However, ions in the period just below these

(Mo3+, Ru3+, and Ir3+ are unstable and react readily with oxygen from the air.

The astonishing magnetic and electronic properties of transition metal clusters have greatly

attracted the attention of researchers in the area in the last decade [14]. Obviously, these

mysterious properties are results of a transition from bonds to bands as the atoms form

clusters and then become the bulk solid. The small size and effective coordination num-

ber as well as high symmetry [9] are anticipated to give rise to narrow band and enhanced

magnetism. Although all d-block (3d, 4d and 5d) transition metals have unfilled localized

d states; only certain 3d metals can form magnetic solids. However, none of the 4d or 5d

elements are magnetic. Magnetic behaviour in transition metals has basically focused on

the effects of reduced dimension. Atomic clusters represent an important class of reduced

dimensionality and have produced some unexpected results bearing on magnetic ordering in

small systems.

2.3 Shape Dependent of Transition Metal Clusters

The melting temperature of the nanoparticles will be different in different shapes when con-

sidering the radius of curvature of nanoparticles; especially the particle size is mentioned with

respect to its radius of curvature. According to the relation between the temperature and

radius of curvature of the nanoparticles, an expression [12] for the size and shape-dependent

melting temperature of nanoparticles is developed. The theoretical-melting prediction of

this expression for the melting-temperature of nanoparticles is compared between spherical

and nonspherical shapes.
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To account for the particle shape difference, we have introduced a new parameter [15], i.e.,

the shape factor α is defined as the ratio of the surface area of a nanoparticle (S
′
) to that

of a spherical nano particle (S), where both of the nano particle have identical volume, i.e.

α =
S
′

S
. (2.1)

Where S is the surface area of the spherical nanoparticle and the shape factor of spherical-

nanoparticles equals 1, which means that the spherical-shape has been included in the defi-

nition of shape factor. The shape-factor of nonspherical nanoparticles is larger than 1, which

means that the shape factor can approximately describe the shape difference between spher-

ical and nonspherical nanoparticles. S = 4πR2(R is its radius). S’ is the surface area of the

nanoparticle in any shape, whose volume is the same as spherical nanoparticle. It should be

mentioned that this definition of the shape factor is dimensionless, and which is easier to

be introduced in the theoretical models of spherical nanoparticles as a modified parameter

to generalize these models. According to Eq. 2.1, the surface area of a nanoparticle in any

shape can be written as: For smooth surface, the surface-area can be calculated by area

integral. However, only the surface of nanoparticles in large particle size can be regarded as

smooth surface. Generally, the nanoparticles are in polyhedral shapes, and their surface is

composed of different planes. Then the surface-area of a nanoparticle is the sum of all area

of the planes, i.e.

S
′
=

∑
k

Sk, (2.2)

Where Sk is the area of the plane k. On the basis of Eq. 2.1 and 2.2, we can calculate the

shape factor of some special shapes. The volume and the surface area of the corresponding

spherical nanoparticle are (4/3)πR3 and 4πR2, where R is its radius:-

S
′
= 4απR2. (2.3)

If the atoms of the nanoparticle are regarded as ideal spheres, then the contribution to the

particle surface area of each surface atom is πr2 (r is the atomic radius). The number of

surface atoms N is the ratio of particle surface- area to πr2 which is simplified as:-

N = 4α
R2

r2
. (2.4)

9



The volume of the nanoparticle V is the same as the spherical-nanoparticle, which equals to

4
3
πR3. Then the number of total atoms the nanoparticle is ratio of the particle volume to

the atomic-volume (4
3
πr3), which leads to:-

n =
R3

r3
(2.5)

If the surface atoms denote the atoms in the first layer of the surface of the nanoparticle,

then the number of the interior atoms is n -N. Considering eq. (2.5) and eq. (2.4) shows that

the number of the surface atoms is related to the particle size and shape factor, although

the total number of the atoms only depends on the particle size according to our definition

eq. (2.5). In most cases, the ratio of the number of surface atoms to that of the total atoms

is more useful, which can be obtained easily by eq. (2.5 )and (2.4), i.e.

N

n
=

4αr

R
(2.6)

Cohesive energy is an important parameter to estimate the metallic bond, which equals to

the energy that can divide the metal into isolated atoms by destroying all metallic bonds.

From general theory of metals, we know that metallic bond is the interaction between free

electron gas and the ions, which is described by energy band theory [16], However, similar to

ionic bond, we can regard the metallic bond as the interaction between different atoms. For

simplicity, the interactions between the nearest atoms are only considered in the following

assumption. Taking the ideal simple cubic lattice for instance, there are six nearest atoms

for each inside atom. The inside atoms are emphasized here to distinguish from the surface

atoms.

According to our assumption, a pair of nearest atoms form a bond, so each atom in simple

cubic lattice forms six bonds with its nearest neighbour atoms. However, each bond belongs

to two atoms, so the effective number of bonds of an atom is just half of its coordination

number. Then for simple cubic lattice, the effective number of bonds an atom is 3. Of

course, the total energy of three bonds equals to the cohesive-energy of an inside atom.

Then the cohesive- energy of metal is the sum of all the bond-energy of metal system. We

can obtain the cohesive-energy of transition metal nanoparticles. For simplicity, we assume

the nanoparticle is in an ideal cubic form, and composed of the same number of unit cells

in three dimensions. If the size of the edge of the cubic nanoparticle is a, then the volume

10



and the surface of the nanoparticle is a3 and 6a2. For the structural change from simple

cubic to body centred-cubic or face centred cubic with little change of particle volume, so it

is acceptable to ignore the structure difference of different crystal lattices. Here, we assume

that all the crystal-lattices are in simple cubic structure. Then the total number of the atoms

(n) of the cubic transition metal nanoparticle is a3

d3
, here d denotes the size of an atom, in

other words, when we change the volume of an atom into a cubic form, d is the size of the

edge. Furthermore, the number of its surface atoms (N) is 6a2/d2.

N = 6n
2
3 . (2.7)

and the number of the inside atoms is n -N = 6 n
2
3

Then the cohesive energy of the nanoparticle (Ep) can be written as The cohesive energy of

metal is the sum of all the bond-energy of the metal system. the cohesive energy of transition

metal crystal in any shape (Ep) can be written as :-

Etota = Eo(n−N) +
1

2
EoN. (2.8)

Where, first term represent the contribution from the surface atoms and second term is the

contribution from the interior atoms. Here, n is the total number of atoms of nanoparticles,

N is the number of surface atoms and Eo is the cohesive energy per atom of the bulk material.

Each interior atom forms bonds with its surrounding atoms, and we denote the number of

its bonds as β. It is reported that the distance between the surface atoms and the nearest

interior atoms is larger than the distance between interior atoms [17]. Therefore, less than

half of the volume of each surface atom in the lattice, which means more than half of the

bonds of the surface atom are dangling bonds, then we approximately regard the number

of bonds a surface atom as (1/4β). The cohesive energy of transition metal crystal in any

shape (Ep) can be written as:

Ep =
1

2
[
1

4
β N + β(n−N)]Ebond, (2.9)

or

Ep =
1

2
[
1

4
β 4 α

R2

r2
+ β(

R3

r3
− 4α

R2

r2
)]Ebond, (2.10)

Where Ebond is the cohesive energy of bulk metals. The value 1
2

results from the fact that
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the each bond belongs to two atoms. For simplicity,we can rewrite Eq. (2.10) for spherical

surface area of A is 6/D as:-

Ep =
1

2
n βEbond (1 − 6α

r

D
), (2.11)

Where D is the size of crystal and D = 2R. For bulk solids, D >> 6αr, Eq. (2.10) is reduced

to Eo = 1
2
n βEbond where Eo is the cohesive energy of solids. We can rewritten Eq. (2.11)

as

Ep = Eo(1 − 6α
r

D
). (2.12)

It should be mentioned that the size D is the diameter of the spherical crystal. For a non-

spherical crystal, its size is defined as the diameter of the spherical crystal which has the

identical volume with the non-spherical crystal. If D denotes the diameter of the transition

metal cluster, Eq. (2.12) can be used to predict size and shape dependent cohesive energy of

transition metal cluster. In Eq (2.12), we have used Ep and Eo. The most difference between

Ep and Eo is that Ep is taken the surface effect on the cohesive energy into consideration.

For bulk crystal, Ep equals Eo; for transition metal, the surface effect cannot be neglected,

Ep and Eo are different. According to these discussions, Eq. (2.12) can be regarded as a

more general relation for the cohesive energy of crystals.

Rose et al.[18 - 20] proposed a universal model for solids from the binding theory of solid.

Combining their theory with Debye model, they theoretically derived the well-known empir-

ical relation of the melting temperature and the cohesive energy for pure metals:-

Tmb =
0.032

KB

Eo. (2.13)

Where Tmb is the melting temperature of bulk pure metals, andKB the Boltzmann’s constant.

Similar to the cohesive energy, the melting temperature is also a parameter to describe the

strength of metallic bond. Therefore, Eq. (2.13) can be regarded as the mathematical

conversion of both parameters. We replace the cohesive energy of solids Eo by the more

general form Ep, then:-

Tmb =
0.032

KB

Eo(1 − 6α
r

D
), (2.14)

The main difference between Eq (2.13) and (2.14) is that Eq (2.14) has taken the crystal

size and shape (surface effect) into account. For convenience, we denote the size and shape
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dependent melting temperature as Tm. According to Eq (2.13) we can rewrite Eq (2.14) as

Tm = Tmb(1 − 6α
r

D
). (2.15)

Eq (2.15) is the more general relation for the size and shape dependent melting temperature

of crystals. The relation between Tm and Tmb are similar to the relation between Ep and E0,

i.e for bulk crystal, Tm and Tmb are the same, but Tm can also describe the melting temper-

ature of nanoparticles. Here we mainly deal with the melting temperature of nanoparticles,

therefore, we assume that Tm is the melting temperature of nanoparticles and Tmb denotes

the melting temperature of the corresponding bulk materials. The main difference between

Eq (2.15) and other expressions [18 , 19] for the size dependent melting temperature is that

the particle shape is considered in Eq (2.13), where the particle shape is well described by

the shape factor α .

2.4 Size-Dependent Melting of Nanoparticles. In Ther-

modynamic model and different hypotheses

There are different melting processes as demonstrated in figure 2.1. In one of the process,

entire solid is in equilibrium with melted particles [ 2 , 20 ] which corresponds to homogeneous

melting hypothesis (HMH). There is no surface of melting for such a case and the melting-

temperature Tbulk of nanoparticles can be expressed as [20]
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Figure 2.1: Three different melting hypotheses for nano-particles.
[2]]

Tm
Tbulk

= 1 − 4v

∆HfD
[γsv − γlv(

ρs
ρl

)]
2
3 = 1 − αHMH

D
(2.16)

Where γs are surface energies of solid–vapour and liquid–vapour interfaces of the material,

∆Hf is the bulk latent heat of fusion, D is the diameter of nanoparticles, ρs and ρl are the

densities of solid and liquid and Tbulk is the bulk melting temperature.

Another process that corresponds to liquid skin melting (LSM) is known to prevail for some

cases [21, 22 ] . LSM considers the formation of a liquid layer over the solid core at a low

temperature that remains unchanged till the particle transforms completely to liquid at the

melting temperature. The expressions for Tm is given by

Tm
Tbulk

= 1 − 4vγsl
∆Hf (D − 2α)

= 1 − αLSM
D − 2δ

(2.17)

It may be noted that Eq.(2.17) predicts a faster variation with respect to the inverse of the

particle size and the melting temperature is non-linear. In another process that corresponds

to liquid nucleation and growth (LNG) [23] a liquid layer nucleates and grows with tem-

14



Figure 2.2: Comparison of melting temperature according to HMH, LNG and LSM.
[2]

perature. This corresponds to surface melting and the melting temperature can be given

by:-
Tm
Tbulk

= 1 − 6v

∆HfD
[γsv − γlv(

ρs
ρl

)]
2
3 = 1 − αlNG

D
(2.18)

It may be noted from Eq. (2.16) and (2.17) that both HM and LNG predict a linear

variation of melting temperature with the inverse of size. The difference between Eq. (2.16)

and (2.17) is the pre-factor. Many researchers have also derived Eq. (2.17) and most of

the experimental data have been analysed by Eq. (2.17) where γsv is adjusted to fit the

experimental data [24].The coefficients of Eq. (2.16) – (2.18) are related as γsl ∼ (γsv−γlv).

Based on Eq. (2.16) – (2.18), the melting temperature of nanoparticles can be represented

by :-

1 − Tm

Tbulk
=

zα

D − 2δ
(2.19)
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Where α = 2V∆Hf (γsv − γlv), z = 3 for HM and LSM and z = 2 for LNG. The δ value is

positive only for LSM and zero for the other two cases.

It may be noted from Eq.(2.16) – (2.19) that the melting temperature varies differently for

different melting processes (figure 2.2). Not only different materials, but different facets of

the same material also exhibit different melting processes.

HMH, the particle melts completely at melting temperature. In case of LNG, a liquid layer is

formed at the surface and grows with increasing temperature. LSM considers the formation

of a liquid layer over the solid core at a low temperature that remains unchanged till the

particle transforms completely to liquid at the melting temperature. Different expressions

have been derived based on the thermodynamic model and are being used to understand the

variations of melting temperature with size.

2.5 Melting of non-spherical nanoparticles

Like the case of nanoparticles, similar expressions have also been derived for nanowires and

thin films. The ratio between β of nanoparticles and nanowires of infinite length is ∼3 : 2

for HMH, while the ratio is ∼2 : 1 for LNG [23, 25 ] . We are not aware of any report that

compares the experimental melting point of nanoparticles and nanowires for the same ma-

terial. The ratio of slopes evaluated by MD simulations for Pb nanoparticles and nanowires

is ∼2 : 1, while the ratio for Pd is ∼3 : 2 .

Almost all theoretical models assume spherical geometry for nanoparticles. However, sup-

ported as well as free nanoparticles are not necessarily spherical. Now, we discuss the

melting temperature of nanoparticles with cylindrical geometry. Based on HMM and LNG,

the melting temperature of a particle with diameter D and height H, is given by [4, 26]

Tm = Tbulk[(1 − 2

D
+

2

H
)α] (2.20)

Tm = Tbulk[(1 − 4

D
+

2

H
)α] (2.21)

respectively. Eq. (2.21) can be applied to cylindrical geometry such as nanowires and

nanorods of diameter D and length H . It can also be applied to pancake-like nanoparticles

of diameter D and height H.

Dippel et al [27] have investigated the size-dependent melting of prism-shaped indium
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nanoparticles . Recently, we have modified thermodynamic model to understand the size-

dependent melting behaviour of the prism-shaped nanoparticles [4]. According to the ther-

modynamic model, the melting temperature Tm of a prism-shaped nanoparticle is:-

Tm = Tbulk[(1 − 6.928

D
+

2

H
)α] (2.22)

Where D is the edge length and H is the height of solid prism-shaped nanoparticles It may

be noted from Eq. (2.22) that melting temperature of an island depends on the size as well

as on the height of the prism-shaped nanoparticles.

2.5.1 Melting of pancake-shaped nanoparticles

For particles of spherical geometry with diameter d, the surface to volume ratio A = 6/d,

which when substituted in given by[2]:-

Tm
Tbulk

= 1 − α

6
A (2.23)

On the other hand, for a particle with cylindrical geometry of height l and diameter d, the

surface to volume ratio (A) is A = 4/dl +2/l and hence, the melting temperature can be

written as
Tm
Tbulk

= 1 − α

6
(
4

d
+

2

l
). (2.24)

2.5.2 Melting of thin wires l � d

For a thin wire of length l and diameter d, l � d and hence, the melting temperature is

given by’
Tm
Tbulk

= 1 − 2α

3d
. (2.25)

This relation has some similarity to the size dependence of melting of thin wires as described

by Gu’lseren et al. [25].

2.5.3 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
Tbulk

= 1 − α

3l
. (2.26)
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This implies that the suppression of the melting temperature of a thin film depends mainly on

the thickness of the film, General expression of Tm for low-dimensional systems Comparing

for a given size of the particle, the diameter of the wire, and the thickness of the sphere : wire

: film give as 3 : 2 : 1. Which implies that the rate of decrease of the melting temperature

for different low-dimensional systems is in the ratio (sphere :wire :film) = (3 :2 :1), a result

in accordance with the predicted behaviour from thermodynamic considerations.

The expression for size-dependent melting, in general, can be written as

Tm
Tbulk

= 1 − 2α

zd
(2.27)

with z =1, 3
2
, and 3 for nanoparticles, nanowires, and thin films, respectively.d represents

the diameter in case of nanoparticles and nanowires, whereas it represents the thickness in

case of thin films.
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Chapter 3

Method and Material

3.1 Methods

To conduct the Thesis on theoretical investigation size and shape -dependent on melting

temperature on transition metal clusters we studied both analytical and theoretical used

thermodynamic model(present and liquid model ) .i.e Tm = Tbulk(1−6α r
D

) and Tm = Tbulk(1−

K/D) . Where α - shape factor, commonly used Sphere, Regular tetrahedral and Regular

hexahedral, D - Clusters size used 0.2 - 2 nm, r -Atomic radius(nm), K- Parameter material

constant for different particles, Tm and Tbulk - Melting temperature and bulk respectively.

Then substitute the value of each above-listed variable and calculated the analytical solve

it . Finally, We give a conclusion on the combination of both analytical and theoretical

techniques using the shape and size-dependence of melting temperature in transition metal

clusters.
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Chapter 4

Results and discussion

4.1 Shape Dependent Melting Temperature on Tran-

sition metal clusters

This section we seen about the effect of shape factor with relation b/n melting temperature

on transition metal clusters using Eq. (2.15) and other expressions][18 ,19] for the size

dependent melting temperature is that the particle shape is considered in Eq. (2.13), where

the particle shape is well described by the shape factor α. To calculate the melting tem-

perature and the ratio of transition metal clusters by Eq. (2.13), it is needed to determine

the shape factor for different particle shapes. According to the definition of shape factor, we

have calculated the shape factor of different particle shapes, and which is listed in Table 4.1

and analytical the followings. i.e, the shape factor of for a particles shape can be calculated

as shape factor = 6volume
surfacearea

where the volume of particles shape in cubic units and surface

area of the in square units. for the common shape are listed the following :-

1.sphere :volume = 4
3
πr2 ,surface area= 4πr3 so α = 1

2.Regular tetrahedral: volume= (Edge)3

6cos(π
5
)

,surface area= 6(Edge)2 . If the edge is a, we have

(
√
2

12
)a3 = (4

3
)πR3 based on the volume relation, i.e., a = 3

√
16π√

2
R Simple calculation shows

that the surface area of regular tetrahedral nanoparticles is 18.725R2, and then its shape

factor is =1.49

3.Regular hexahedral (cubic): volume =(Edge)3,surface area = (Edge)2. If the edge is a,

we have the relation 3

√
4
3
πR based on the volume relation, and the surface area is 15.591R2,

and then the shape factor is α =1.24.
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4.like disc:- We assume its radius is l and its height is h.

R =(3
4
)
2
3 l

4
3h

2
3

The surface area of a disk-like nanoparticle is 2πl2 + 2πlh, and then its shape factor can be

expressed as α = (2πl2 + 2πlh)/4πR2. Let l = xh (x > 0), then we can rewrite the shape

factor as

α = 1+x

1.65X
1
3

which is the minimum value corresponding to x = 0.5. The volume relation

results in shape factor greater than 1.15 but dependent on the disk diameter and thickness.

5.Regular octahedral nanoparticle: If the edge is a, we have the relation a = 2.071R. based

on the volume relation, and its surface area is 14.857R2, and then the shape factor is 1.18

Table 4.1: The calculate shape factor for different particles

No. particle of shape shape-factor
(α)[32]

1 Spherical 1
2 Regular tetrahedral 1.49
3 Regular hexahedral 1.24
4 Regular octahedral 1.18
5 Disk-like > 1.15
6 Regular quadrangular > 1.24

The current calculation’s outcome, however, demonstrates that the current definition of

shape factor is can be used to the predicated the of shape-dependent melting temperature

of nanoparticles. For the particle shape is different from each other, the shape factor is

only approximate description of the particle shape difference. In most experiments, the

nanoparticles are close to regular polyhedral shape [33], so it is needed for us to discuss the

shape factor of regular polyhedral nanoparticles in more details. The simplest polyhedral-

particle is regular ,tetrahedral nano-particles, and its shape-factor equals 1.49. The shape

factors of other regular polyhedral particles are smaller than 1.49 according its definition

Eq. (2.1), i.e., the value of 1.49 is the up limitation for regular polyhedral nanoparticles.

Furthermore,the down limitation of the shape factor of the regular polyhedral nanoparticles

is 1, i.e., the shape factor of the spherical nanoparticles. In the present calculation, we will

give the results of melting-temperatures of transition metal clusters at the two limitations.

According to the definition of shape-factor, the surface area increases with increasing of

the shape factor in a specific particle size. Therefore, the surface effect on the melting

temperature of transition metal may be strengthened in large shape factor, which leads
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to the decreasing of the melting temperature in wide range.The variation tendency of the

comparative melting temperature with respect to the shape factor calculated by Eq. (2.15)

is shown in table 4.2 where the melting temperature of cluster size 0.2, 0.5,1,1.5 and 2 nm

,Cr ,W and Mo transition metal clusters are calculated.

Table 4.2: Calculate the Tm and Tm/Tbulk with d/f atomic radius and clusters size.

Cr W Mo
size particle of

shape
Tm(k) Tm/Tbulk Tm(k) Tm/Tbulk Tm(k) Tm/Tbulk

0.2

Spherical -6177 -2.9 -11886.4 -3.2 -2885 -1.0
Regular tetra-
hedral

-
10245.3.14

-4.8 -19513 -5.3 -15066.4 -5.2

Regular hexa-
hedral

-81170.68 -3.8 -15622.33 -4.2 -12053.6 -4.17

0.5

Spherical -1192.8 -0.56 -2546.56 0.69 -1930.52 -0.66
Regular tetra-
hedral

-2811.6 -1.32 -5597.57 -1.52 -4292.5 -1.4

Regular hexa-
hedral

1990.2 0.007 -4040.93 -1.09 -3087.4 -1.06

1

spherical 468.6 0.22 566.72 0.15 479.74 0.166
Regular tetra-
hedral

-340.8 -0.160 -958.78 0.26 -707.7 0.24

Regular hexa-
hedral

69.86 0.03 180.46 0.049 98.72 0.034

1.5

Spherical 1107.6 0.52 1604.48 0.43 1283.16 0.44
Regular tetra-
hedral

617617.7 0.29 587.47 0.15 3495.8 0.17

Regular hexa-
hedral

862.22 0.4 1106.35 0.3 804.35 0.27

2

Spherical 1299.9 0.61 2123.36 0.57 1684 0.58
Regular tetra-
hedral

894.6 0.42 1360.6 0.36 1094 0.37

Regular hexa-
hedral

1099.9 0.5 1749 0.47 1395.63 0.37

This data we get using Eq. (2.15) or mat lab soft weir both possible solve it.
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For Cr and W transition metal of clusters, the change of their melting temperature with

respect to the shape factor are similar to these of Mo transition metal clusters , which are

plotted.

Figure 4.1: Change of the relative melting temperature of W clusters as a function of shape
factor. The solid lines are the results calculated from

Eq.2.15

The change tendency of the comparative melting temperature with respect to the shape

factor calculated by Eq. (2.15) is shown in Figure. 4.1 , where the melting temperature of

0.2, 0.5,1,1.5 and 2 nm ,W Melting temperature bulk (Tbulk) used 3680(k), atomic radius

used 0.141(nm) ,shape factor used 1 (spherical) transition metal clusters are calculated. It

is shown that the melting temperature of W clusters decreases with increasing of the shape

factor. Furthermore, it is found that the particle shape have larger effect on small particles

than on large particle . For example, the relative melting temperature change of Cr clusters

in 0.2 nm is -3.2, and is 0.47 in 2 nm, which suggests that the particle shape should be taken

into consideration when studied the melting properties of clusters in small size(0.2nm - 2

nm).
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Figure 4.2: Change of the relative melting temperature of Mo clusters as a function of
shape factor. The solid lines are the results calculated from

Eq.2.15

The variation tendency of the comparative melting temperature with respect to the shape

factor calculated by Eq. (2.15) is shown in Figure. 4.2 , where the melting temperature

of cluster size (D) 0.2, 0.5,1,1.5 and 2 nm ,Melting temperature bulk (Tbulk) used 2890(k),

atomic radius used 0.139(nm) ,shape factor used 1 (spherical) Mo transition metal clusters

are calculated. It is shown that the melting temperature of Mo clusters decreases with

increasing of the shape factor. Furthermore, it is found that the particle shape have larger

effect on small particles than on large particle . For example, the relative melting temperature

change of Mo clusters in 0.2 nm is - 1.0, and is 0.37 in 2 nm, which suggests that the particle

shape should be taken into consideration when studied the melting properties of clusters in

small size(0.2nm - 2 nm).
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Figure 4.3: Change of the relative melting temperature of Cr clusters as a function of
shape factor. The solid lines are the results calculated from

Eq. 2.15

The change tendency of the comparative melting temperature with respect to the shape

factor calculated by Eq. (2.15) is shown in Figure. 4.3 , where the melting temperature

of cluster size (D) 0.2, 0.5,1,1.5 and 2 nm , Melting temperature bulk (Tbulk) used 2130(k),

atomic radius used 0.13(nm) ,shape factor used 1 (spherical) Cr transition metal clusters are

calculated. It is shown that the melting temperature of Cr clusters decreases with increasing

of the shape factor. Furthermore, it is found that the particle shape have larger effect on

small particles than on large particle . For example, the relative melting temperature change

of Cr clusters in 0.2 nm is - 2.9, and is 0.61 in 2 nm, which suggests that the particle shape

should be taken into consideration when studied the melting properties of clusters in small

size(0.2nm - 2 nm).

In generally::- Figure. 4.1 - 4.3 the variation of tendency the comparative melting tempera-

ture with respect to the shape factor calculated by Eq. (2.15) is shown in , where the melting

temperature of cluster size (D) used 0.2, 0.5,1,1.5 and 2 nm ,Cr ,W and Mo transition metal
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clusters are calculated. It is shown that the melting temperature of Cr ,W and Mo clus-

ters decreases with increasing of the shape factor. In another word cluster size and melting

temperate ratio are inversely relation. Furthermore, it is found that the particle shape have

larger effect on small particles than on large particle .In additional information seen table

4.2
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4.2 Size-Dependent Melting of on Transition Metal clus-

ters

Based on Fig 4.4 - 4.6, the theoretical results on the melting temperature of Cr ,W and

Mo transition metal cluster calculated by present model and liquid drop model are pre-

sented. In liquid drop model, the relation for the size dependent melting temperature is

Tm = Tbulk(1 − K/D), where values of the parameter K for different particles are listed

in Table 4.3 and presented model, the relation for size- dependent melting temperature is

Tm = Tmb(1−6α r
D

). Where r -atomic radius , D -cluster size , α - shape factor, Tbulk - melting

temperature of bulk. Used this relation calculate the size -dependent of melting temperature

and used mat lab soft-ware drawn the graph of Tm/Tbulk verses inverses diameter clusters

size on transition metal cluster.

Table 4.3: The input values of liquid drop model

No. T.M cluster atomic radius(nm) K (nm)[18] melting Tbulk(k) [18] atomic num
1 Chromium (Cr) 0.13 0.744 2130 24
2 Tungsten (W) 0.141 0.772 3680 74
3 Molybdenum

(Mo)
0.139 0.9 2890 42
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Figure 4.4: Variation of the melting temperature as the function of the inverse diameter
of Cr clusters.
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Figure 4.5: Variation of the melting temperature as the function of the inverse diameter
of W clusters.
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Figure 4.6: Variation of the melting temperature as the function of the inverse diameter
of Mo clusters.

The current calculation’s outcome, however, demonstrates that the currents definition of size

factor is can be used to predicated the of size-dependent melting temperature on transition

metal clusters. We gate our result melting-temperature of cluster increases with decreasing

of the particle size. The melting temperature depression of particles is apparent only when

the particle size is smaller than 100 nm. If the particles size is more than 100 nm, the melting

temperature of the particles approximately equals to the corresponding bulk materials, in

other words, the melting temperature of particles is dependent of the particle size.

If the particle-size is larger than 100 nm, the percentage of the surface atoms is fairly small.

According to the present model, the melting temperature difference results from the effect of

surface atoms and the effect of small percentage of surface atoms on the melting temperature

can be neglected. In Eq. (2.15), if the particle size is fairly large, we have 6αr/D << 1 and

Tm ≈ Tbulk.
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It is reported that the atomic radius of transition metal clusters contracts with decreasing

their particle size, which means that the atomic radius will change a little if the particle size

fairly small. However, for most metal particle, the ratio of contraction is less than 1% [32]

and which is ignored in our model.

The expression for size dependent melting temperature of particles in present work is derived

from their size dependent cohesive energy. It should be mentioned that the present model

for the size dependent cohesive energy is only for the free surface nanoparticles, i.e., the

matrix has no effect on the surface of particle.The melting temperature of the cluster may

increase with decreasing of the particle size (super heating).
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Chapter 5

Conclusions

We have studied the theoretical investigation of size and shape -dependent melting tempera-

tures on transition metal clusters (Cr, W and Mo) on the model of a thermodynamic model,

where the shape and size of the transition metal cluster are considered by introducing a new

parameter, i.e., ”the shape factor”. It is shown that the present calculated results of the

melting temperatures of Cr, W and Mo clusters are well consisted of theoretical and ana-

lytical values used in the liquid drop model. According to our study, if the size of particle

decreases, the ratio melting temperatures of transition metal clusters increase, and if the

shape factor of the parameter increases, the ratio melting temperatures of transition metal

clusters decrease. Furthermore, it is found that the particle shape can affect the ratio melting

temperature of transition metal, and this effect on the melting temperature becomes larger

with decreasing the particle size. For a given transition metal, the ratio melting temperature

generally decreases with increased cluster size, due to the increased surface-to-volume ratios.

This increased ratio makes it easier for the atoms at the surface to escape from the cluster,

leading to a lower melting temperature. According to the definition of shape factor, the

surface area increases with increasing the shape factor in a specific particle size
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